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ISKRA 

is  ready  to  be  your  partner 
in 

solving  various  research  and  development 
.^.problem 

We  are  -waiting  for  your  propositions 
Our  address; 

Solyanikovsky  Pereulok,4 
Kharkov, 3 10004,  Ukraine 

tel  +7-057-438022 
fax  +7-0572-224309 
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TRADE  HOUSE,  Kharkov  Ukraine 
Phone:  (0572)  47  10  62  and  40  57'74 
Fax:  (0572)  43  29  20 


The  two  preceding  International  Conferences  on  Matf>ematica!  Metht^s  m 
E!«ctrorr.3qnetic  Theory  CMMEF90  and  MMEr91)  caused  a  great  interest  of  ttw 
partcipants.  both  from  inside  and  outside  the  Former  Soviet  Union.  This  iead  us  to 
the  conclusion  of  the  necessity  of  holding  the  MMET  conference  on  a 

MM^94  is  the  fifth  conference  in  this  series,  the  first  two  ^ing^for  donriesbc 
attendance  only  with  Russian  as  working  language.  This  time  the  “ 

oraanized  by  the  National  URSl  Committee  of  the  Ukraine,  in  cooperation  wit^the 
URSl  Commission  B.  It  is  held  on  September  7  to  10.  19^.  ^ 

University.  I  am  grateful  to  Prof.  L.  N.  Litvinenko, 

URSl  Prof  O.A.  Tretyakov.  Chairman  of  the  Commission  B  of  NC  URSl,  Prof.  V.^ 

Svich’  Rector  of  the  Kharkov  State  University,  and  Prof.  A.D.  Diver,  Chai^n  of  the 
URSl ’commission  B.  for  their  great  support  and  encouragernent  The^nfere^ 

Proaram  contains  116  papers  from  14  countries,  including  9  Invit^  Papers.  Tito . 

covted  topics  are:  High  Frequency  Methods,  Scattering  and  Diffraction.  Transienls.  ^ - 

and  Time-Domain  Methods.  Gratings  and  Rough  Surfaces  ReguanzatiOT  l  Aj 

Techniques.  Optical  Fibers,  Open  Waveguides  and  Re^nators.  Nurnencal  y 

Methods.  Inverse  and  Synthesis  Problems,  Remote  Sensing,  Antenna,  Jj 

Waveguides  and  Discontinuities,  and  Nonlinear  and  Exotic  Media.  _  _  . 

The  greatest  fraction  of  the  papers  is  contributed  by  the  Young  Saentists.  I 

acknowlwdge  the  support  of  the  URSl  Commission  B  to  the  participation  of  9  young - 

scientists  from  ex-USSR  and  3  from  other  countries.  1  hope  that  the  Conference  will _ 

be  a  good  school  for  them.  ^  ^  _ itv  Codes 

I  wish  a  success  to  all  the  participants  of  MMET*94  and  hope  to  meet  all  of  you 

at  the  next  MMET  conference.  |  Dist 


Hdar  1.  Veliev,  General  Chairman 


Genera!  purpose  of  holding  the  MMET*94  conference  is  to  give  a  forum  of 
exchange  and  interaction  in  field  of  Electromagnetic  Theory,  between  the  ex-USSR 
and  the  Western  electromagnetics  community.  The  number  of  ex-soviet  scientists 
able  to  attend  international  conferences  is  still  at  least  tiwo  orders  of  magnititoe  less 
than  it  deserves  to  be.  A  conference  held  in  the  Ukraine,  with  English  as  the  only 

medium  of  presentation,  gives  a  unique  chance  to  make  their  work  available  to 
world-'wide  audience. 

This  volume  contains  the  contributions  which  have  been  accepted  to  the  Pnc^ram 
of  MMET*94  They  cover  all  the  traditional  topics  of  the  URSl  Commission  B 
activities,  and  demonsUate  the  vitality  of  Electromagnetics  research  and 

researchers.  „ 

I  would  like  to  express  my  gratitude  to  the  effort  made  by  the  authors  prepanng 
their  manuscripts  in  four-page  manner.  It  was  a  pleasure  to  work  with  the  members 
of  TPC  and  LOG  preparing  the  Conference  in  the  time  of  poiiticat  and  economical 

problems  in  this  country.  _  .  ^  u  j 

A  success  of  the  meeting  is  determined  by  the  scientists  who  have  dec  ded  to 
submit  the  papers  to  MMET*94.  Their  participation  has  helped  to  form  an  exciting 
technical  program  that  makes  this  conference  a  major  event  in  Electromagnetic 
Theory,  Thank  you  all. 


Alexander  I.  Nosich.  on  behalf  of  LOC 
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AN  ASYMPTOTIC 

THREE-DIMENSIONAL  APPROACH  TO 
THE  PROBLEM  OF  THE  POINT  SOURCE 
FIELD  DIFFRACTED  BY  LOCALIZED 
IMPEDANCE  DISCONTINUITY 

Vyacheslav  Agapov  and  Oleg  Soloviev 
Radiophysics  Department,  University  of  St. Petersburg 
St.Pelersburg,  Russia 


The  paper  presents  a  Ihree-dimcnsionaJ  approach  to  obtain  the  point  source  field  above  a  plane 
with  impedance  discontinuity  of  finite  lateral  extent.  'Phe  employed  asymptotic  technique  allows 
to  facilitate  computational  procedure  and,  nevertheless,  to  retain  in  solution  all  the  features 
of  field  behavior  that  arc  intrinsic  to  thTccvdimensionaJ  diffraction  problems.  An  appropriate 
numerical  algorithm  is  developed  to  handle  modified  integral  equation.  The  proposed  scheme 
ensureH  drastic  reduction  of  CPU  time.  Some  results  of  calculations  arc  discussed. 

INTRODUCTION 

This  research  evolves  and  applies  an  analytical-numerical  method  for  analyzing  the  propagar 
lion  of  waves  in  the  presence  of  a  localized  irregularity  of  environment.  The  problem  to  be 
considered  is  relevant  to  numerous  practical  cases  (e.g.  radio  wave  propagation  over  inhomoge¬ 
neous  Earth’s  surface  [l,  2,  3,  'I],  acoustic  field  diffraction  from  inhomogeneities  of  the  ground 
and  noise  reduction  problem  [5],  the  influence  of  a  localized  ionospheric  disturbance  on  the 
electromagnetic  field  in  the  Earth-ionosphere  waveguide  [6,  7]). 

Irre.spectivc  of  the  physical  origin  of  wave  proce^ss  the  ssirface  impedance  concept  is  com¬ 
monly  used  to  characterize  reflective  properties  of  environment.  In  this  paper  we  arc  concerned 
primarily  with  the  development  and  validation  of  the  theory  and  algorithm.  So,  in  order  to 
avoid  unnecessary  cumbersome  formulas,  to  discard  the  effects  of  guided  wave  propagation,  and 
to  focus  on  particular  phenomenon  of  three-dimensional  diffraction  from  localized  impedance 
discontinuity,  wc  restrict  ourselves  by  the  investigation  of  the  following  model:  we  consider  the 
scalar  field  emitted  by  a  harmonic  point  source  in  half- space  bounded  by  piecewise  homogeneous 
impedance  plane. 

The  were  many  studies  dealing  with  similar  three-dimensional  problems  and  there  were 
uutnerouH  attempts  to  elaborate  any  efficient  technique  to  solve  them.  First  we  mention  so- 
called  inixed-path  approximation  which  was  based  on  the  one-dimensional  Vol^erra  integral 
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iequa-tion  and  totaHy  ignored  the  finite  lateral  extent  of  perturbed  area  [1],  The  two  different 
approaches  to  the  rigorous  two-dimensional  integral  equation  were  developed:  the  first  order 
pcrlurbation  technique  (Born  approximation)  [G]  and  the  direct  numerical  inversion  [3,  4],  Both 
proved  to  be  efficient  only  in  the  case  of  comparatively  small  irregularity  because  of  inherent 
shortcomings  (accuracy  loss,  great  computational  expense,  etc.). 

This  paper  is  to  present  an  asymptotic  technique  which  allows  to  facilitate  numerical  tre¬ 
atment  of  the  two-dimensional  integral  equation  and,  nevertheless,  to  retain  in  solution  all 
the  features  of  field  behavior  that  are  intrinsic  to  three-dimensional  diffraction  problems.  An 
appropriate  computational  algorithm  and  some  results  of  its  implementation  are  discussed  as 
well. 


STATEMENT  OF  THE  PROBLEM 

Ut  as  consider  the  stationary  point  source  (time  dependence  is  assumed  to  be  e“"*)  located 
at  the  point  {p  =  =  0,  z  =  Zi  >  0}  (cylindrical  coordinate  system)  above  a  plane  surface 

Sc  =  {z  =  0}.  We  characterize  the  field  by  scalar  function  ^(p,(p,z,zt),  which  satisfies  the 
Hclmholz’s  equation  and  the  following  impedance  boundary  condition: 


-ikS{p,v) 


where:  k  -  is  free  space  wave  number  (Imk  >  0),  S{p,<p)  -  is  inhomogeneous  surface  impedance 
function  5(p,^)  =  5^  if  {p.v>,0}  €  and  Sip,<p)  =  8f  if  {p,<p,Q}  £  Sj,  (ReS^j,  >  0), 

and  Sjf  C.  Sc  -  iB  arbitrarily  shaped  area  of  inhomogeneity.  We  assume  Sp  to  be  of  finite  size 
(localized),  so  we  may  call  it  further  "impedance  patch”  or  "impedance  island”.  The  infinity 
condition  requires  f  (p,  v?,  z,  Zi)  to  vanish  if  p  — >  oo. 


METHOD 

First  we  write  out  the  rigorous  two-dimensional  integral  equation  for  unknown  function 
using  the  solution  of  the  regular  problem.  I/Ct  the  function  G(p,z,  zt)  satisfy 
the  same  Eelmhcrfz’s  equation  and  the  boundary  condition  (1)  with  constant  S{p,<p)  = 
Applying  the  second  Green’s  formula  to  the  functions  G  and  $  one  may  obtain: 

#(p,  v,  *,  zt)  =  <7(p,  z,  zt)  +  ikS  G{p",  0,  z)$(p',  ip\  0,  zt)dS' 

where:  i  =  6p  —  6c  -  is  impedance  contrast,  {p,  y,  z}  -  is  observation  point,  {p\  <p\  0}  -  is 
integration  point,  p"  =  y/(?  +  p^  -  2pf/cos{tp  -  ^). 

Then  we  introduce  the  slowly  varying  attenuation  functions  that  are  ubiquitous  to  wave 
propagation  theory: 

=  ■^V(p,tp,z,zi)  0{p,z,zt)  =  j~U{p,z,zt) 

Without  any  loss  of  generality  we  may  consider  the  case  when  both  transmitter  and  receiver 
are  located  at  the  plane  5*.  Hereafter,  in  order  to  simplify  our  expressions,  we  omit  arguments 


2 


z  and  Zi  in  the  functions.  The  integral  equation  for  unknown  attenuation  function  takes  a  form:’ 


V{p,<p)  =  U{p)  +  ^kpe-'^''’ U{p'mp\  V>y 


This  is  rigorous  iwo-diraensionaJ  Fredholm  integral  equation.  In  the  case  of  comparatively 
SDitdl  inboinogeneity  Sp  <  15A^  (A  =  2'n/k  -  is  free  space  v/avelength)  this  equation  was  attacked 
with  the  aid  of  direct  numerical  procedures  [3,  4],  For  larger  patch  this  approach  seems  to  be 
awkward  and  wc  intend  to  develop  another  technique  outlined  by  King  and  Wait  [2]  and  evolved 
by  Soloviev  [7]  .  * 

Introducing  the  elliptic  coordinate  system  on  the  surface  [2]  and  substituting  the  variables 
of  integration: 


p*  =  ~[c/i  u  +  co$  v] 

— OO  <  ti  <  +00 


=  ^[ch  u  —  cos  v] 
0<v<ir 


d5'  =  p^p^dudv 


we  come  to  the  equality: 


Vip,^)  =  U{p)  +  ^kpJ'^  y'^Uiu,v)Viu^  (3) 

The  functions  tx<(u)  and  u>(u)  specify  the  boundary  of  the  patch  in  elliptic  coordinate  system; 
dSp  =  {u<(v),  u<  <  u  <  «>}  U  {u>(t;)>  v<  <  v  <  v>}.  Then  the  asymptotic  evaluation  of 
integral  with  respect  to  u  in  (3)  is  carried  out  with  the  aid  of  stationary  phase  method. 

We  assume  kp'^  1  to  be  the  large  parameter  of  the  problem  and,  as  in  [7],  we  employ  the 
asymptotic  expansion  that  may  be  found  in  [8]  and  [9]: 

/(o)+ {M  .  +0(n-v>) 

where:  erf{x)  =  ^  e~^*di  “  is  the  conventional  error  function  of  a  complex  variable  [10].  It 
is  convenient  for  further  numerical  treatment  to  represent  the  remained  integrzJ  with  respect 
to  V  as  a  contour  integral  along  the  boundary  of  inhomogeneous  area: 

;  F[u^{v)]dv  —  f  F[u^{v)]dv  ^  ^ 

«/»<  «/v<  Jds^ 


Thus  we  obtain  the  foOowing  expression: 


iS  likp 


2  V  2ir 


V{p,(p)  =  U{p)  +  jyJ^j^^erf^-y/ikpV2sh'^'^U(p,v)V(0,v)dv- 

^  Sf%  It  .  1  ^ 

This  is  our  general  working  formula.  It  is  more  accurate  than  that  from  [2]  as  it  completely 
incorporates  the  second  term  of  asymptotic  expansion. 
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'  Let  ns  proceed  with  an  algorithm  for  handling  (4).  Unlike  the  formula  (2),  the  asymptotic 
integral  equation  (4)  contains  only  linear  one-dimcnsiond  integrals.  However,  looking  at  it,  we 
can  infer  that  in  order  to  convert  (4)  into  the  set  of  linear  algebraic  equations  we  have  to  let 
the  observation  point  {p,  v>}  successively  approach  each  point  of  the  two-dimensional  area  Sp. 
Thus,  we  have  to  make  pan^tition  of  the  whole  patch  again  as  in  the  case  of  the  rigorous  two- 
dimensionai  btegral  equation.  So,  wc  conclude,  that  the  direct  inversion  of  our  general  working 
formula  will  give  no  benefit  from  the  performed  asymptotic  integration,  and  it  is  judicious  to 
set  our  preference  for  another  algorithm. 

Let  us  note  a  feature:  the  integral  operator  in  (4)  may  be  represented  as  the  sum  of  two 
items  V  =  U  +AV  +  BV ,  where  A  is  the  integral  operator  which  acts  on  the  function  1^(0,  u), 
and  B  is  the  integral  operator  which  acts  on  the  function  y(u,  v).  We  point  out  that  A  is  the 
Volterra  mtegraJ  operator  and  it  can  be  easily  inverted  with  the  aid  of  the  conventional  recurrent 

procedure  {1 1].  Moreover,  it  contains  the  first,  dominant  term  of  asymptotic  expansion.  In 
comparison  with  B  its  contribution  to  solution  is  expected  to  be  as  more  significant  as  Iwger 
the  value  of  parameter  hp,  I  hus,  the  following  combination  of  inversion  and  iteration  procedures 
arc  proposed: 

=  =  u  +  n  =  i,2,3,... 

where  n  is  the  iteration  number.  The  Volterra  integral  operator  A  is  inverted  directly  nume¬ 
rically  during  each  iteration,  and  the  Fredholm  integrd  operator  B  is  inverted  by  successive 
approxiniaiioiis. 

RESULT  AND  DISCUSSION 

Unlike  the  Volterra  operator  from  one-dimensional  integral  equation  of  Fein  berg  [l]  the  operator 
A  contains  the  error  function  of  complex  variable  in  the  kernel.  Due  to  this  feature  even 
in  the  first  approximation  wc  obtain  substantial  three-dimensional  eflecls,  such  as  backward 
reflection  and  oscillating  transverse  diffraction  pattern.  Moreover,  becauBc  of  the  presence 
of  dominant  term  of  asymptotic  expansion  in  A,  the  convergence  of  our  combined  inversioii- 
. iteration  procedure  proves  to  be  pretty  rapid,  though  it  depends  upon  perturbation  strength 
and  upon  large  parameter  of  the  problem  where  p^in  -  »s  the  least  distance  between  the 

source  and  the  boundary  of  discontinuity. 

We  can  infer  that  computation  time  required  for  numerical  implementation  of  our  algorithm 
varies  as  square  of  patch  perimeter,  whereas  in  the  case  of  direct  approach  to  two-dimensional 
integral  equation  it  varies  as  square  of  patch  surface  [4]. 

We  used  the  result  of  de  Jong  [3],  who  accomplished  the  direct  numerical  inversion  of  the 
rigorous  integral  equation  (2),  as  a  benchmark  to  test  our  asymptotic  algorithm.  In  the  case 
of  the  same  problem  as  was  treated  in  [3]  (ground  wave  propagation  over  a  small  rectangular 
impedance  discontinuity)  our  result  turned  to  be  in  very  good  agreement  with  that  from  [3]. 

in  order  to  make  use  of  the  time-consuming  advantage  of  our  algorithm  we  simulated  the 
groundwave  propagation  in  the  presence  of  comparatively  large  discontinuity.  The  following 
parameters  of  the  model  were  chosen:  <5*  =  (1.4436-  1.4436i)10-\  Sp  =  0.2319  -  O.J468i.  The 
shape  of  the  inhomogencity  was  assumed  to  be  elliptic.  The  center  of  the  ellipse  was  placed  at 
the  point  {p  =  30A,^  =  0},  the  great  semi-axis  Ap  =  WA  was  on  the  line  <p  =  0,  the  length  of 
the  little  scini-axis  Bp  was  varied  so  as  to  study  the  effect  of  the  finite  transverse  dimension  of 
the  island.  1  be  figures  1  and  2  illustrate  the  spatial  dependence  of  the  modulus  and  argument 
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^ot  atlenuatioii  fuuctioii  along  llie  Ene  ^  —  0  (tlic  value  Bp  —  0  implies  the  absence  of  any 
irregularity). 

.  Apart  from  those  features  of  field  behavior  that  were  discussed  in  [3,  4],  we  can  observe  the 
area  of  longitudinal  oscillations  beyond  the  rear  boundary  of  the  patch.  As  it  could  be  expected 
this  area  extends  am  long  as  the  width  of  tlie  first  FVt^iiel  rone  remains  less  than  the  wkith  of 
the  discontinuity.  These,  oscillatious  can  not  be  observed  if  the  patch  is  too  narrow  so  that  even 
just  behind  it  the  width  of  the  first  PrcHiiel  zone  exceeds  the  width  of  the  patch. 


Disiance/Wavelengih 


Fig.l 
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ABSTRACT 

An  estimation  of  multilayered  structure  parameters  throug^i 

the  frequency  domain  objective  function  minimization  is  exami¬ 
ned.  The  finite  property  of  frequency  band  and  the  discrete  cha¬ 
racter  of  measurement  frequencies  are  discussed.  A  numerical  and 
real  experiments  results  are  presented. 

INTRODUCTION 

There  are  many  papers  [1,21  deals  with  the  inverse  problem 
of  multilayered  structures  in  the  general  case  of  the  plane  wave 
excitation.  But  practical  valuable  results  can  be  obtained  only 
in  the  case  of  the  true  reflection  of  the  experimental  situati¬ 
on,  That  is  why  mathematical  model  should  represent  essential 
featuries  not  only  the  process  of  the  interaction  of  excitation 
wavelet  and  structure  but  the  feati^ies  of  measurement  unit  and 
previous  processing  procedure  in  the  proper  way.  This  fact  de¬ 
mands  to  consider  every  concrete  situation  separately,  because 
it  has  the  unique  featuries.  The  measurements  in  the  waveband 
17-40  GHz  have  some  particular  featuries,  including  the  non-pla¬ 
ne  character  of  wave  radiated  from  the  opMi-end  of  waveguide  or 
horn.  The  mul t if requenoy  method  is  more  useful  than  the  direct 
time-domain  methods  for  this  frequency  range,  because  the  former 
provides  the  more  accurate  results  due  to  the  cal ibraticwj  proce¬ 
dure  at  every  frequency.  Furthermore  using  of  short  time  pulses 
demands  stroboscopic  techniques.  It  demands  series  of  pulses, 
which  possess  discrete  spectrum.  Thus  from  spectral  pxDint  of  vi¬ 
ew  this  case  equals  multifrequency  approach.  The  continuous 
structure  of  spectrum  was  considered  [23  and  an  analysis  of  the 
case  of  discrete  spectrum  of  data  is  actual. 

DIRECT  PROBLEM  AND  PREVIOUS  DATA  PROCESSING 

For  the  plane  wave  excitation  of  the  plane  layeres  dielect¬ 
ric  structure  expression  similar  to  Lorentz  transformation  is 
ussually  used  [13.  But  it  is  more  convinient  to  apply  the  addi¬ 
tive  representation  for  time-domain  interpretation.  Both  vari- 
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fint-s  3r©  equal  and  take  into  account  not  only  main  reflections 
but  all  reverberations.  It  was  determined  experimentally  that 
for  materials  with  dielectric  constant  less  10  and  distances  mo¬ 
re  than  7  sm  amplitudes  of  reverberations  in  sing;!©  layer  has 
values  comparatively  equal  or  less  than  clutter  reflections  of 
enviroment  and  level  of  noise. 


Our  experiments  also  show  that  in  the  case  of  radiating 
frc»n  the  open  end  of  reotungular  wavegoiide  the  amplitude  of  ti¬ 
me-domain  peak  corresponding  to  reflection  from  metal  surface  as 
function  ot  distance  oan  be  described  by  the  same  dependence  as 
spherical  wave  with  the  center  shifted  frcxn  the  aperture  plane. 
It  doesn't  mean  that  the  multifrequency  wavelet  has  spherical 
character,  but  the  amplitude  behavior  does.  This  statement  is 
true  in  boundaries  of  measurement  accuracy.  Using  of  expressions 
for  geometrical  optics  provides  possibility  to  estimate  the  amp¬ 
litude  of  second  surface  reflection  with  error  less  5%.  Accor¬ 
ding  to  af orement ioned  reasons  the  mathematical  model  was  chosen 


«2  +  2 


M 

Roi  +  E 
,  m-l 


•^  m+l  #  (1) 


+  2  +  Ei*!  d|/(/ei 

where  oci,  «£  -  some  constants;  z  -  location  of  front  interface 
multilayer  structure,  M  -  number  of  layers;  -  reflection 

ooefiicient  between  m  and  m+1  media;  dm  -  geometrical  thickness 
of  m-th  layer;  Cm  -  dieleotrio  constant  of  m^th  layer. 

The  existence  of  reverberation  between  structure  and  aper- 
ti^e  or  frontier  part  of  unit  o^ses  the  additional  components, 
which  can  be  canceled  using  data  for  metallic  plate.  The  oonneo-  - 
tlon  between  amplitiid0s  of  inain  reflection  and  reverberat ions ^ 
f irst  and  second  orders  in  this  case  allows  to  oaloulate  the 
^plitudes  of  reverberatim  for  structure  using  scale  constant 
which  is  equal  to  ratio  of  metal  reflection  amplitude  and 
structure. 


All  aperture  antennas  is  known  to  possess  frequency  depen¬ 
dence  of  gain.  Frequency  dependence  of  gain  can  be  canceled  bf 
dividing  structure  frequency  dependence  on  metal  frequency  de¬ 
pendence.  All  data  must  be  previosly  processed  fcy  using  time  ga¬ 
tes  in  time  domain  to  pick  out  only  informative  part  of  signal 
cancelling  clutter  ref leotiOTis  frcxn  environment  and  reverberati¬ 
ons  with  unit.  The  time- gate  form  was  chosen  to  coincide  with 
form  of  Butte^orth  bandpass  filter.  The  time-gating  also  allows 
to  cancel  finite  directivity  signals  in  the  case  of  director  oo* 
upler  using  to  measure  ref leotivity  by  true  choice  of  distarxse 


to  struoture. 

AL0ORITHM  TO  SEARCH  QpASISOLUTION 


The  parametBr  estimation  is  well-known  to  produce,  through 
searching  the  minimum  of  the  least-square  objective  function  for 
instanse  in  time  domain,  but  consideration  was  carried  out  for 
continuous  case  [21.  It  is  more  convinient  to  construct  this 
function  in  frequency  domain  using  isometry  time  and  frequency 
spaces  regarding  quadratic  norm.  To  decrease  n^ber  of  variables 
the  model  vector  was  chosen  in  form  f^Ct)— Ir-expCDWit), 
r*exp(jw2't) ,  ...  ,  r’expCjw^rt)!,  where  wi,W2,. .•  »WN  ”  series  of 
measurement  frequencies,  "t  -  variable  time,  r  -ctxnplex  amplitu¬ 
de.  This  ^proach  allows  to  exchange  ocpplioate  multivariable 
optimization  procedure  to  more  simple.  The  value  to  which  provi¬ 
des  minimum  is  quasisolution  [33.  The  set  of  vectors  fjc  “f  (tic) 
(k“l ,.. ,K)  must  be  used  in  the  case  of  K  peaks  determination.  If 
reverberations  are  neglected  that  K  is  equal  M.  We^have  determi¬ 
ned  matrix  F  as  (NxM)  matrix  with  columns  equal  fk". 

This  problem  is  correct  if  to  belongs  to  compact  set  and 
the  measurement  data  projection  on  F  (space  spanned  on  vector 
fk*^)  is  unique  [33.  The  first  demand  can  be  simply  satisfied  by 
introduction  of  boundaries  for  t  variations.  The  second  demand 
determines  rules  to  ohoise  discrete  series  of  wi,  in  some  simple 

cases  it  coincides  with  theorem  of  samples. 

Ccxnplex  values  of  r  allow  to  eliminate  additional  oscilla¬ 
tion  of  objective  function  through  searching  of  the  minimum  of 

objective  function  as  the  function  of  r  for  every  t  determined 
as  constant.  The  cause  of  oscillation  for  real  r  is  the  finite 
value  of  frequency  band  and  big  value  of  the  ratio  middle  frequ¬ 
ency  and  bandwidth.  Minimization  procedure  for  r  coincides  with 
searching  of  the  projection  of  real  measurements  data  vector  on 
space  F.  The  pro jectiOTi  operator  is  known  to  equal 

If  tk  and  tk+1  becoming  closer  matrix  F*F  is  transforming 
from  well  conditioned  to  ill  conditioned.  Thus  for  generallity 


Pp  must  be  used  expression  .  ^  '  v 

Pf  -  F(F^F-HtI)“V^  »  (3) 

ifhgre  ct  —  parameter  of  regularization.  The  existanoe  of  <x  in  (3) 
produce  limit  in  resolutiOT  two  close  oomponents. 

Estimate  of  Ind  allows  to  calculate  ejc  by  traditional  me¬ 
ans'  C13,  if  the  sign  of  nc  is  known.  The  signs  of  rk  for  fi  and 
rvi  is  known  a  priopi.  Convinient  approach  to  determine  other 
signs  is  to  choose  sign  ocxnbination  which  provides  proximity  to 
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unit  following  expression 

M 

The  regularization  procedure  is  to  stop  searching  of  ri  and  -Cj 
then  absolute  value  jnl  reachs  the  threshold,  which  equals  the 
level  of  clutter  reflections  determined  previosly  for  all  region 
of  informative  peaks  existance. 

The  numerical  experiment  for  3- layer  structure  with  rever- 
^rations  shows  the  high  sensitivity  of  estimation  accuracy  in 
the  case  of  the  equality  of  the  each  layer  electrical  thicknes¬ 
ses.  The  elimination  of  reverberations  in  the  first  and  the  se¬ 
cond  layere  allows  to  decrease  error  frcxn  10  %  for  thicknesses 
and  18  %  for  dielectric  ocHistant  to  0.7  %  and  1  X  respectively. 

A  real  experiment  was  carried  out  for  3-layer  structure 
plexigiass-air-plexiglass.  After  previous  processing  of  real  ex¬ 
periment  data  estimates  were  ci-2.6,  62-1.2,  63-2.8,  di-41.2, 
d2-29.6,  ds-SQ.O  mm  (true  values  for  thicknesses  40.2,  30.0, 
39.0  mm  and  e  for  single  layer  was  2.69  ). 


ODNCLUSIONS 

The  consideration  of  measurement  unit  properties  and  parti¬ 
cularities  of  radiated  wave  allow  to  construct  the  algorithm  to 
solve^inverse  problem  for  multilayer  dieleotrio  structures  not 
only  for  numerical  modeling  data  but  real  experimental  one. 
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ABSTRlUSr 

Scalar  Green *^8  function  of  grounded  dielectric  slab  for  inagnetic  line 
current  source  is  derived  analytically.  The  solution  to  the  probl^  of  slab 
guided  modes  scattering  from  combined  inhomogeneity  consisting  of  unclosed 
metal  screen  and  dielectric  rod  scatterer  with  permittivity 
slab’s  one  is  referred  to  as  integral  equation  on  screen Vs  contour  wltn  tne 
kernel  as  Green’s  function  of  screen’s  environment  and  surface  integral  over 
cross-section  of  dielectric  inhomogeneity.  Therefore,  such  an  app roach _  allows 
one  to  consider  a  few  problems  of  slab  guided  inodes  scattering  for  different 
mutual  locations  of  metal  screen  and  dielectric  scatterer* 

IKTRODUCTXOB  , 

During  recent  years,  a  great  deal  of  effort  in  modem  diffraction  theory 
has  been  devoted  to  deriving  solutions  to  scattering  problems  related  to  the 
location  of  single-  and  multi -element  scat  ter  ers  in  free  or  homogeneous  space. 
As  it  is  well  known,  various  rigorous  and  approxiinate  approaches  have  been 
developed  for  the  analysis  of  scattering  properties  of  metal  screens  and 
dielectric  bodies  with  canonical  shapes  of  cross-section.  Nevertheless, ^TOSt 
scatterers  of  practical  importance  are  usually  placed  in  inhomogeneous  meuum. 
Although  a  free-space  diffraction  is  of  great  value  both  for  microwave^theory 
and  applications,  the  real  inhomogeneous  environment  Pf  the  scatterers 
requires  some  new  approaches  for  the  correct  investigation  of  the  prospective 
electrodynamic  effects. 

An  important  class  of  such  problems  is  connected  with 
by  unclosed  perfectly  conducting  screens  and  dieledtric  obstacles  embeckied 

into  a  plane-parallel  layered  dielectric  medium.  The  solutions  to  these 

problems  are  essentially  useful  for  the  investigation  of  dielectric  slab  modes 
scatterihg  and  transformation  from  local  inhomogeneities,  and  excitation  of 
open  slab  guides.  As  a  matter  of  fact,  in  most  active  and  passive  microwave 
integrated  circuit  devices  the  principle  of  operation  is  based  on  the 
modification  of  a  guided  mode  field  by  means  of  discontimities  inside  a 
regular  open  guide.  The  aim  of  the  present  paper  is  the  further  development 
of  Green’s  function  approach  and  constructipn  of  a  formal  solution 
problem  of  grounded  dielectric  slab  natural  modes  scattering  by  combined 
cylindrical  shaped  inhomogeneity  consisting  of  dielectric  rod  and  unclosed 
metal  screen.  It  is  well  known  that,  dielectric  discontimities  can  be  caused 
by  technological  material  defects.  In  addition,  scatterers  that  are  being 
considered  have  the  resonant  nature .that  is  found  in  free-space  diffraction 
problems.  Therefore,  the  effects  of  a  guided  modes  scattering  and 
transformation  by  such  inhomogeneities  are  expected  to  be  used  for  the  design 
of  compact  niillimeter-wave  rejective  filters  and  mode  convertors  in  open 
guides. 


Fig.l.  The  geometry  of  combined  inhomogeneity  inside  grounded  slab  guide. 

.  >  ■ 
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wopsmLXSxoH  or  tbz  pboblxh 

*Rie  ge<»i^try  of  two-dimensional  scattering  problem  is  shown  in  Fig.l. 
%e  grounded  dielectric  slab  of  thickness  d  and  permittivity  t  contains  two 
local  inhomogeneities  separated  by  distance  L.  The  first  one  is  dielectric 
cylinder  of  radius  R  and  permittivity  while  the  second  scatterer  is 
unclosed,  perfectly  conductive  cylinder  of  radius  a  having  the  slot  of  angular 
Width  20  positioned  in  fp.  Assume  that  the  distances  from  the  centers  of 
cylinders  to  ground  plane  are  the  same  and  equal  to  b.  Consider  the  incidence 
of  one  of  the  even  TM-guided  modes  (the  case  of  H-polarized  field) ,  however 
a  similar  analysis  is  applicable  for  the  odd  TE-modes  (the  case  of  E-polarized 
field)  too.  As  electromagnetic  field  of  the  mode  has  no  E,  component/  it  can 
be  determined  in  terms  of  H,  component  as  (an  time  dependence  is 

suppressed  throughout  the  analysis) 

J7*  { jp)  j  (f)  =  cospjy  0<ysd  . 

yid 


l>a fine  the  total  field  through  the  sum 

mf)  ^  HOif)  *  (2) 

where  H**{r)  is  the  field  scattered  by  both  dielectric  rod  and  unclosed 
screen^The  scattered  field  H"(r)  satisfies  the  homogeneous  Helmholtz  equation 

iV^*kH{y)]ff^*’m=0,  feidM,dD  (3) 


where  •(y)*'8  for  0<ysd  or  1  elsewhere,  9M  is  for  the  cross— sectional  contour 
of  the  screen,  3D  is  the  surface  of  dielectric  cylinder.  Also,  the  total  field 
has  to  satisfy  the  continuity  conditions  on  the  surface  of  the  slab, 

y^d  (4) 


boundary  condition  on  the  ground  plane's  surface, 

y=0  (6) 

and  continuity  condition  for  tangential  component  at  the  surface  of  dielectric 
■  rod 

JedD  (7) 

Besides,  the  field  must  satisfy  the  Neumann  condition  at  the  unclosed  screen 

fedM  (8) 

together  with  the  edge  condition  as  follows 

for  any  bounded  domain  B,  and  in  order  to  conplete  the  forTOUla*-ion,  a 
condition  at  infinity  talcing  into  account  the  discrete  spectrum  of  slab's 
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guided  inodes  as  well  as  the  field  of  radiation  II] .  It  is  shown  that  the  above  ' 
formulation  guaranties  the  uniqueness  of  the  solution. 

KETBOO  or  TH*  SOLUlIOK 

For  the  problem  of  scattering  from  separated  inhomogeneities,  the 
scatit^ered  field  can  be  written  as  the  sum 

where  Ha**  is  the  field  scattered  by  dielectric  cylinder  and  is  the  field 
scattered  due  to  the  screen.  Applying  Green's  formula  to  functions  H  ,  ana 
Green's  function  of  the  slab  G(?,r'),  one  obtains  the  following  integral 
representation  of  the  solution  of  formulated  boundary-value  problem 


with  unknown  current  density  function  p(?*)  and 


(Ci-e)  ffH(fi)  )  dS^ 


a  cross-sectional  surface  integral  [2]  that  yields  H(r)  if  its  values  over  D 
are  known.  If  points  {x,y)  are  restricted  inside  D,  (12)  becomes  an  integral 
equation  for  the  inner  field  in  P.  Here,  G(r,r*)  is  the  scalar  Green  s 
function  of  unperturbated  regular  guide  without  any  inhomogenexty*  m 
scatterers  that  are  being  considered  are  housed  inside  the  slab,  we  have  to 
construct  G(r,f*)  for  magnetic-line  current  source  location  at  r*  -  (x  ,y  } 
with  y*<d.  This  function  must  satisfy  nonhomogeneous  Helmholtz  equation, 
boundary  conditions  (4) —  (6)  and  radiation  condition.  After  some  straightforward 
algebra ,  Green * s  function  of  grounded  dielectric  slab  is  found  to  be 


<?{f,  =  V— {iii}~ycospy-—e^py*sinpy)  dh,  Oiyid  (13) 

p  P 


i  f  Qibix-^x'i  Qig{y-<n  )  -^sinpy'dh,  y^d 

ZnJ 


where  p=(k*e-h*)*«,  g- (k*-h*)  Ai=igecospd  +  psinpd  ,  Aj=ig8sinpd  -  pcospd  so 
that  Ai=0  is  the  characteristic  equation  of  even  TM  modes. 

To  find  the  scattered  field,  we  obviously  have  to  calcul^e  the  current 
density  function  p(?j')  on  the  screen  as  well  as  the  field  H(ri' )  inside  the 
dielectric  cylinder  and  perform  the  integration  in  (11), (12).  The 
corresponding  Fourier-series  expansions  are 


t*  (A) 

HCfi)  *  t 


(15) 


the  local  coordinates  of  the  point  inside  the  dielectric  rod 


ihOiile  fj)  are  the  coordinates  of  the  point  at  M.  In  order  to  find  unknown 
coefficients  conditions  (7),  (8)  should  be  used.  It  gives  the  following 

integral  equations 

•^/m  Ci^)  df/-^  {*>  (e.-c)  ffSiii)  a(r,ii)  ds' 


A 

-  ~G(f,F'2)dr'3,f6dD  (17) 

The  treatment  in  (16), (17)  calls  for  the  representation  of  all  functions  in 
local  coordinate  systems  connected  with  the  scatterers  that  is  done  by 
applying  the  cylindrical  functions  theorem  on  summation.  Following  [11^  the 
solution  of  (16)  is  derived  by  using  Riemann-Hilbert  Problem  approach.  As  for 
(17),  s^stituting  (15)  into  (17)  and  performing  all  the  necessary 
integrations  [2],  we  obtain  the  system  of  linear  algebraic  equation  (SLAE)  for 
Omitting  the  details,  the  final  result  for  calculation  of  u  3  and  C  ^  is 
given  in  terms  of  two  coupled  Fredholm  SLAE  "  " 


J^-«*  ’-m 


Where  ^trices  A«,  and  describe  the  scattering  by  single  unclosed  screen 
and  dielectric  rod,  respectively,  while  and  correspond  to  the 

interaction  between  them. 

CONCLUSION 

^  initial  boundary- value  problem  is  reduced  to  the  solution  of  coupled 

Fredholm  SLAE  of  2  kind  type  which  is  solvable  with  any  described  accuracy. 
It  allows  us  to  construct  effective  numerical  algorithm  for  the  calculation 

of  mode  conversion  coefficients  and  field  of  radiation  in  the  structure  beino 
considered.  ^ 
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ABSntACT 

c  ' 

The  present  paper  gives  a  short  oharaoteristi os  of  the  method 
of  determinations  of  anjslitude-phaze  distributiohs  in  phased 

arrays  apertyre  by  means  measurements  of  amplitude  of  dynamic 
near-"  field.  , 

IKIROOCTldi 

To  determine  tl^e  ptiased  arTays  characteristics  b^'  means 
near-field  method  need  to  know  amplitude  and  phase  distributions 
of  near-field.  For  separate  situations  the  phase  measurements  are 
rather  d if ioult  and  therefore  informations  of  phase  of  signals  may 
be  absent.  Bat  this  informations  need  to  treated  the  results  of 
measurements  and  to  determine  antenn  characteristics. 

Therefore  the  problem  determined  of  anplitude- phase 
distributions  in  phased  arrays  aperture  by  means  amplitude 
measurements  is  highly  actual. 

nETERMINATKKS  OF  AlffLITUDE-PHASE  DISIRIBOTIOM5 
IH  PHASED  APHAYS  AFERnSE 

At  present  the  methods  of  near  field  antenna  characteristics 
measurements  and  control e  /I /  based  on  near  field  atenna  amplitude 
and  phase  measurements  and  sequential  reoaloulat ion  of  the 
measurement  results  for  far  field  zone  (control  of  antenna 
radiation  characteristics)  or  directly  in  antenna  ^>erture 
(amplitude  and  phase  distribution  (APD)  oontrole)  are  developed 
intensively.  " 

Effective  methods  of  APD  determination  in  phase  antenna  array 
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tPAA)  ^jerture  retpiire  a  usage  or  aprior  inTormation  about  antenna 
structure. 

ir  the  investigated  PAA  oontaines  N  radiator  elements  then  the 
rield  exoited  by  an  antenna  in  a  point  ?  is  equal 

jt-i 


here  is  a  radius-veotor  of  t-th  antenna  element  location, 
fv}  is  a  fixed  State  of  antenna  elements  determining  APD  in 

the  array. 

To  find  APD  in  the  antenna  array  elements  it  is  nesessary  to 
have  the  oorresix>nding  equation  system  obtained  as  a  result  of 
measurements  of  values  Wy .  APD  in  the  antenna  can  be  find  by  two 
fundamentally  different  ways.  The  first  one  is  oonneoted  with 
probe  movement  on  a  soan  surface.  In  this  case  the  field 
measured  in  A/different  points if  the  antenna  contain  phase 
shifter  then  it  is  necessary  to  carry  out  the  measurement  under 
different  phasing  a  number  of  phasing  must  be  equal  a  number  of 
phase  shifter  states).  The  second  way  is  to  change  the  state  of 
the  antenna  elements  (phase  shifter)  under  the  stationer 
measurement  probe  (constant  '^ )  and  measuring  field  sum 
fact,  these  two  ways  of  APD  obtaining  in  antenna  elements  differ 
only  by  method  of  formation  of  equation  system  for  unknown  APD. 

mehtioned  methods  require  oarring  out  phase  measurements  wl’jose 
realisation  in  millimeter  wave  range  is  diffioalt.  So  why  it  is 
interesting  to  develope  methods  of  APD  determination  based  on 
carring  out  only  anplitude  field  measurement^  in  near  field  zone. 
The  possibility  of  APD  determination  by  an  anplitude  measurements 
is  based  on  increasln:  the  valume  of  me^urement  information  at 
the  cost  of  that  the  field  anplitude  Ev  is  measured  not  on  one 
but  on  several  surfaces  (under  the  scan  probe)  or  a  signal  on 
output  of  two  or  more  stationar  probes  ar-e  measured. 

In  general  oase  the  problem  of  APD  reoonstraotion  by 
measurements  of  antenna  radiation  field  in  some  region  goes  to 
solving  an  operator  equation  as  following 

f=Car,  (2) 

CL  here  is  an  element  of  A  APD  functional  space;  "^is  an  element 
of  functional  space  Y  of  measured  field  distribution  ;  C  - 
is  an  operator  acting  from  4  to  Y  . 
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Oep^ndintr  on  type  or  ^aolving  problem  and  form  or  initial 
dataset  the  operator  G  has  has  difTerent  structures.  The  sinplest 
(from  the  oaloulation  point  of  view  )  is  a  situation  when  the 
equation  (2)  oonneot  APD  in  the  aperture  and  far  field  or  the 
antenna.  In  this  case  the  operator  C  is  linear  and  represents 
Fourier  transformation.  Correspondent ly,  APD  can  be  find  by 
reverse  Fourier  transformation. 

kfore  difficalt  is  the  case  of  airplitude  measurements  in  near 
field  zone  when  the  equation  (2)  beoeone  unlinear.  In  this  paper 
one  considers  the  algorithms  of  measuremsnt  result  prooessing 
under  near  field  maesuring  by  mobile  and  stationar  probes, 
dissousses  the  possibility  of  reducing  of  prooessing  time  at  the 
oast  of  ohoose  of  definite  experiment  plan  and  oexisiders  of  usir^ 
of  only  orte  stationary  measuring  probe- 

For  solution  of  equations  of  measurements  applyed  the 
iteration  method  solution  of  the  problem  and  uses  "rapid" 
algorithm  of  the  transform  information.  The  method,  offered 
author,  prossessing  high  speed  of  the  oonvergense  and  converge  to 
precise  solution  in  tenth  step  of  iteretioi».  With  avail^ility  of 
the  measurements  error  the  offered  measurements  method  allowine 
With  Gonfidenoe  of  the  anplitude  and  phase  distributions  in  p^iased 
array  e^>erture.  That  oorrectly  and  for  case,  when  are  on  phased 
arrays  the  elenents  With  error.  Carried  out  numerical  modelling 
tells  about  the  proposed  method  of  APD  determination  in  PAA  by 
aawplitude  measurements. 
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HIGH-FREQUENCY  ASYMPTHOTICAL  METHOD  TO  SOLVE  THE  PROBLEM 
OF  CIRCULAR  CONDUCTING  CYLINDER'S  EXCITATION  IF  COVERED  WITH 
THE  THIN  DDSLECTRIC  LAYER  OF  VARIABLE  THICKNESS. 

V  Apelt'cin 

Lafe.  Computational  Electrodynamics,  dep.  of  VMK,  Mo^ow  University, 

Lenin  Hills,  Moscow.  Russia. 

ABSTRACT 

The  non  complete  fuojectioa  method  of  Galiorkin's  type  is  applied  to  the  problem  of  perfectly 
conducting  circular  cylinder  of  radius  a  (ka  »  1)  excitation  if  covered  with  a  thin  dielectric  layer 
of  vanabie  thickness  5(\)/)  (  ko(t^)  <  1  )  .  The  projection  method  uses  as  the  basis  the  singular 
eigen-soiutiems  of  the  radial  co-ordinate  r  for  two-dimension  Helmholtz  equation  subjected  to  the 
Dirichiet  boundary  ewKiition  on  the  cylinder's  surface  r  =  a  ( the  solutions  of  Sommerfeld  type  )  .  The 
solutioas  to  the  ordinary  difleieutiai  equation's  system  -  the  unknown  functions  of  the  angular  co¬ 
ordinate  V  arc  constructed  approximately  by  the  WKB  approach  on  the  segment  ]-oo,-f-oo[  and  satisfy 
the  ctMiditions  of  decay  if  |\|;j 

INTRODUCTION 

The  projection  methods  of  Gaiiorkin's  type  if  applied  to  the  wave’s  diffraction  problems  are  the 
generalisations  to  the  separation  of  variable’s  method  and  perniit  to  overcome  the  difficulties  if  the 
pbsucie’s  boundary  is  noncoordinate  and  the  separation  of  variable’s  method  is  not  applicable.  But  the 
traditional  types  of  Gahorkin’s  method  using  the  basises  of  an^lar  cigen-solutions  of  the  Helmholtz 
equation  (  cxp(inH/)  -  in  two  dimensions)  inherit  from  the  separation  of  variable's  method  the  slow 
convergence  of  its  expansions  in  case  of  high  frequency:  max  p(V|/)  »  X  ,  where  r  -  p(vj/)  -  the 
scaiterer’s  surface  equation.  X  -  tl^  wave  length.  The  single  method  which  permits  to  correct  this  lack 
rs  the  Sommeifeld's  method  to  solve  the  perfectly  conducting  sphere’s  exciution  problem  [  1  ]  using  the 
singular  eigen-solutions  of  the  radial  co-ordinate  to  the  Helmholtz  equation.  But  this  method  can't  be 
apphed  to  any  other  fomi  of  the  obstacle's  boundary.  The  goal  of  this  work  is  to  generalise  the 
SoRunerfeid's  approach  for  the  ca.scs  of  non-co-ordinate  boundaries  of  the  obstacles  in  high-frequency 
case  on  using  the  projection  approach  to  construct  the  solutions. 

A  circular  perfectly  couduclmg  cylinder  of  radius  a  is  excited  by  the  field  of  a  point  source 
located  in  the  point  !/•(,  .  The  cylinder  is  covered  with  the  layer  of  homogeneous  dielectric  the 

external  boundary  of  which  can  be  de.>!cribed  as  r  =  p  .  The  thickness  of  the  layer 

iV)  =  />  (V)  -a  is  such  one  that  6  =  max  5(v/)  <  X  ;  (  k6  <  1  ).  but  ka  »  1.  We 
regard  the  case  of  E-polarizatioo  when  the  field  is  described  by  the  wave  equation 

At^u(r,w)  +  kHr.v^)u(r,y/)  =  ^S  (r-ro)S  (1) 

f  . 

^  lka  =  £oeo^:  r  }  mzxp  iy/) 

for  >  a .  where  =< 

1  £0)^  a  <  r  ^  p  iyf) 

^  ~  const .  due  to  the  usual  boundary  conditions  on  the  cylinder's  surface  and  on  the 

boundary  of  tise  dicieciric  layer 

«(a.|/)  =  0:  0  (2) 
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For  r 


wc  put  usual  SommeifclcTs  limit  conditions 


du 

- iku 

d  r 


r-^do 


Let’s  regard  the  dispersion  equation 

//:”ao«)  =  o  (3) 

where  V  =  {v^|;  ifc  e  Zk  -  arc  the  complex  roots  of  the  cq.  (3): 

^  ^  j  I  (^0^)  ^  ^  ^  ^  (the  trigonometric  approximation).  The 

fhncUons  <PM)  =  C  vH*^\kar)  we’ll  use  as  the  basical  system  on  constructing  the  approximate 
solution  to  the  problem  (1).  (2).  Here  the  Cv  ‘^e  noimaUsing  coefndent 
Ktntomfnt  I  The  system  of  functions  { <p,(r)  >  «  orthogonal  system  with  the  weight  r''  over  the 

segment  ]fl,oo[: 


{<Py<P^)  =  0\f 


°  _2 

The  limit  O  ->  |i  gives  the  nonnalising  coefficient  Cy  -  2/^  «) 

V 

We  look  for  the  approximate  solution  of  the  problem  in  the  region  a  <  r  <  ;  -oc<>j/  <  x  as  the 

expansion  .  _ 

u(r,y/)  =  ^Av  W 

saUsfying  the  conditions  of  decay  if  |  m'  I  -»■  «  •  Note  that  such  a  choisc  of  the  solution's  form  as  (4) 
ensures  the  boundaiy  condition's  satisfaction.  The  validity  of  the  representation  (4)  is  based  on  the 

following  statement  ,<i)/  \  ^  hi 

2  .If  the  roots  of  the  dispersion  equation  (2)  are  simple  (that  is  cf  ^ HI  {koO)*V),- 

fhea  T,^^Cr)(p^ir,)  =  jS(.r-r.). 

The  proof  of  the  statement  2  follows  the  general  scheme  of  the  Watson's  transformation  [2]  feur  the 
evident  solution  in  case  of  a  circular  cylinder.  As  the  solution  (4)  is  obviously  not  penodical  with 
respect  to  the  angle  vj/  the  solution  of  initial  problem  (1),  (2)  is  constructed  as  follows. 


u  (r .  \]/)  =  n) 


like  the  perfectly  conducting  circular  cylinder's  case  without  a  layer  [  3  J  . 

On  applying  to  the  problem  (1).  (2)  the  usual  Galiorkin's  scheme  pn  the  segment  r  e]a.oo[  with 

re.spect  to  the  ba.sical  system  { (!>,.(r) } 

(^Luir.y/),(p^{r))  =  (^f,<p^ir)) 

we  obtain  the  ordinary  differential  equation's  system  of  the  following  kind 
for  the  unknown  functions /I  ..(V') 


where 


PW} 

Q  W)  =  a> - £,)Cv  \rH^;^{kor)l1^i\kor)dr. 


2 

Tbe  diagonal  part  - — ^  pu  of  the  diffcrenlial  operator  of  tlic  system  (5) 

may  be  inverted  approximately  by  the  WKB  mctliod  [  4  J  and  we  obtain  the  system  of  the  following 
integral  equations  • 


A/r)+  )d4  =<P,(ro 


)  (6) 


—00 

iWKff, 


Here  (y/.^  )  is  the  WKB  -  approximation  of  the  Green-function  to  the  diagonal  part  of  the 

ditlercnrial  equation’s  s}^tem  satisfying  the  conditions  of  decay  when  |  y  |  oc  i  If  we  neglect  the 

tenns  of  the  order  (A  - - ^  in  the  WKB  expansion,  the  corresponding  approximation  of  the  Green- 


function  is  tlie  following 


Gu  >  = 


L  \  [  2t//  4  4/i"  J 

where  g  {t )  =  *(£■- fo  ){/>'(  )  -  a  *  ).  On  calculating  the  representation  (7)  we  take  into 

account  the  approximation  of  the  thin  layer  :  H^',HkoP  iV  ))  “  S  (y/  )/7”’(jfco'3  ),  and  also  fJ. 
-  ka  .  It’s  obvious  that 

y/KB 

A^{¥)=9^ira)  Gm 

is  the  initial  approximation  to  the  equation  (6)  and  that  the  following  terms  of  iterative  procedure  will 
have  the  values  of  the  next  orders  with  regard  to  the  powers  of  /r  .  On  restricting  the  consideration 
with  the  initial  approximation  we  obtain  the  approximate  non-periodical  solution  u  (r,  )  as 

and  the  approximate  periodical  solution  of  the  problem  (1)  -  (2)  as 

«  r  )  =  Y.ClH^\k<,r)}fl\koroyt  gT(v  +2nn,y,^  )  (g) 

p  ■  .  n 

On  evaluating  the  secemd  sum  in  (8)  evidently  we  obuiii 


cos  «  p ^  {y/  -y/f^)  -  — -I-  - 


7  /y 


an  — - 
2 


{y'  -n)  =  p\y^  -^o!  -  ^  J g{t)dt  ;  =  2jcp- 


20 


Ir 

and  5  =  J s(.t)dt.  The  most  simple  expression  wo  have  for  the  hack  scattering  y  ~ 

0 

u  (r,  yr  )  =  52  ■■  ~~r ■“  S' cfi - 

^  An)  ^ 
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ON  MODELING  OF  THE  MICROWAVE  SCATTERING 
AND  ABSORPTION  BY  PLANT  ELEMENTS 
Ali  Nadir  ARSLAN 

Department  of  Electrical  and  Electronics  Engineering 
Qukurova  University,  01330  Balcali- Adana, TURKEY 

ABSTRACT 

The  simple  case  of  scattering  by  a  thin  dielectric  strip  was  examined.  This  problem  was  con¬ 
sidered  OB  the  basis  of  the  expansion  of  scattering  operator  into  multiple  scattering  series.  The 
calculations  of  inner  field  and  the  extinction  cross  section  were  conducted  for  certain  dielectric 
costants  and  dimensions  of  strip  corresponding  to  the  parameters  of  vegetation  elements.  It 
has  been  shown  that  for  values  of  kD|  e  —  I  1<0.5, where  k  is  the  wave  number,  D  is  the  strip 
thickness,  and  c  is  the  strip  dielectric  constant,  the  generalized  Rayleigh- Cans  approach  can 
be  successfully  applied  to  calculate  the  extinction  cross  section  of  a  dielectric  strip.  Radiation 
patterns  of  scattering  by  perfectly  conducting  strip  and  a  thin  dielectric  strip  was  compared. 

INTRODUCTION 

Development  of  reliable  models  for  microwave  emission  and  scattering  from  terrain,  i.e.,soil,  veg¬ 
etation,  snow,  forest,  etc..,  is  one  of  the  important  problems  of  microwave  remote  sensing.  From 
theoretical  point  of  view,  this  problem  is  of  independent  interest,  because  it  concerns  the  studies 
about  scattering  by  dielectric  bodies  of  different  shape  and  dimension,  microwave  propagation  in 
random  media,  polarization  properties  of  scattered  waves,  etc.  On  the  other  hand  the  presence 
of  reliable  radiative  models  enables  one  to  formulate  the  inverse  problem  of  microwave  remote 
sensing  which  is  important  for  practical  applications.  Current  investigations  in  microwave  re¬ 
mote  sensing  field  are  mainly  in  the  following  directions  :  modeling  of  microwave  emission  and 
scattering  from  plant  elements  and  vegetation  as  the  whole,  modeling  of  effective  dielectric  per¬ 
mittivity  of  natural  media,  modeling  of  microwave  attenuation  of  forests.  In  this  contribution, 
the  grounds  for  the  choice  of  the  above  mentioned  models  will  be  discussed  and  some  results  of 
modeling  of  microwave  scattering  and  attenuation  by  plant  elements  are  presented. 

MICROWAVE  SCATTERING  AND  ABSORPTION  BY  PLANT  ELEMENTS 

The  sizes  of  leaves  and  stalks  in  the  microwave  band  are  comparable  with  the  wavelength, 
and.therefore,  the  scattering  and  absorption  cross  sections  of  plant  elements  must  be  calculated 
from  diffraction  models.  Since  the  elements  of  plants  are  similar  in  shape  to  flat  discs,  strips(for 
example,  leaves),  and  cylinders(for  example,  stalks),  it  is  necessary  to  discuss  the  diffraction 
problem  for  bodies  with  the  above  shapes.  The  rigorous  analytical  solution  of  the  diffraction 
problem  for  dielectric  disc  and  strip  is  not  yet  known.  In  this  case  the  cross  sections  can  be  found 
under  some  restrictive  assumptions  between  the  size  of  the  element  and  the  wavelcngtli.The 
following  models  are  most  oftenly  used;  a.S mall  particles;  b.Very  large  plane  particles; 
c.Piane  thin  particles(the  generalized  Rayleigh-Gans  approach).  To  establish  the  limits 
of  applicability  of  these  models  a  critical  assesment  of  known  solutions  and  further,  development 
of  theoretical  approaches  are  required.  VVe  shairdemonstrate  this  for  a  simple  case  and  consider 
scattering  by  a  thin  dielectric  strip. 

FORMULATION  OF  THE  PROBLEM 

In  the  case  of  E-polarization,  the  fleld  at  each  point  in  space  is  given  by  the  scattering  oper^or 
E(*,y)  =  E,-(a;.f)  +  rE(z',jrO 
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(1) 


TE(x',y')  =  -  *0®  +  {y  -  y')hdx'di^  (2) 

where  E.(x,y)  is  the  incident  field,  S  is  the  cross  section  of  the  strip,  and  T  is  the  inte^al 
scattering  operator.  Considering  the  point  (x,y)  as  a  point  inside  the  strip  the  multiple  scattering 
Born  series  (in  mathematics  this  series  is  known  as  Neuman  series)  is  obtained  from  (1) 

E(I,y)  =  E,•(x,y)  +  ^E.(x^yO  +  r!^Ei(I^/)+  (^) 

When  there  is  a  small  parameter  in  the  problem(for  example,  the  strip  thickness)  it  may  be 
shown  that  series  converges  rapidly.  In  this  case  the  accuracy  of  inner  field  estimation  by  some 
first  terms  of  the  series  can  be  evaulated  by  considering  the  contribution  of  the  next  terms  of 
the  series.In  the  simple  case  of  very  thin  strip,  the  inner  field  is  considered  to  be  equal  to  the 
incident  field.  This  approximation  is  widely  used  in  modeling  of  scattering  by  plant  eleinents(the 

generalized  Rayleigh-Gans  approach[l,2)).  .  .  .  /i\ 

If  we  use  well  known  integral  represantation  of  the  Hankel  function  and  substitute  (3)  m  (1; 

and  take  integration  overV  and. respectively 


E(x,j/)  =  E,(x,y)  + 


—  1)  f°°  sin{ka{cos’d  +  o))^-ikycot*j^fy  yy 


fcd(cosi?  +  a) 


where, 


-(ainiJ  + 

If  we  take  into  account, 

.  li,n  =  +  (7) 

fco-*oo  (cOS1?-f  0() 

When  ka  is  changed  from  5  to  30  that  the  accuracy  of  this  approximation  can  be  estabUshed  in 
%10  and  assume  that  kD  <  1. 

E(x,p)  =  E,(x,y)+ **^^^^*  l?7‘ni,n  =  0,1,2....  (8) 

SOME  NUMERICAL  RESULTS 

The  absorption  cross  section  of  the  dielectric  strip  is  given  by  the  cxpression[l,3] 

,_y^J[Ef£dfW  ■  (9- 


When  ECx',^)  =  Ei(i',y')  «  “snmed 

is  obtained  which  corresponds  to  the  absorption  length  of  a  "Rayleigh"  particle.  Scattering  cross 
secti<^  may  be  calculated  with  this  approximation  by  the  summation  of  scattering  intensity. 


J  a  /■*"  stn^[l:a(co5^o  -  C0S$)]^^ 
2xkaJo  (cos<l>e  — cois4^f 


23 


RELATIVE  EXTINCTIOH  CROSS  SECTIOM 


where  D  is  the  thickness  of  the  strip,  2a  is  the  width,  k  is  the  wave  number,  f  is  the  dielectric 

permittivity,  and  is  the  angle  of  incidence. 

The  extinction  cross  section  is  given  by  the  expression|3}, 

•  (12) 

ff,  =  ff,  +  <r,  '  ^ 

It  is  necessary  to  recall  that  in  the  above  mentioned  approach,  the  optical  theorem(the  law 
of  energy  conservation)  is  violated  that  may  result  in  an  error  in  the  calculation  of  radiative 
parameters  of  a  vegetation  canopy  modeled  by  the  collection  of  strips.  The  accuracy  of  this 
approximation  may  be  established  by  taking  into  account  three  terms  of  the  series.  Some  results 
of  the  calculation  of  the  relative  extinction  cross  section  (fj)  are  presented  in  Fig.l.  It  is  seen 
that  the  zero  order  approximation  may  be  used  for  values  of  fcP  1 1  -  1  1<  0.5.  Some  results  of 
the  comparing  radiation  patterns  of  scattering  by  perfectly  conducting  strip  and  a  thin  dielectric 
strip  for  different  values  of  ka  are  presented  in  Fig.2.  It  is  seen  that  radiation  patterns  are  same 
at  a  range  of  incident  angle,  but  there  is  a  certain  difference  out  of  the  range. 

nONCLUSIONS 

The  results  obtained  are  in  a  good  agreement  with  the  results  provided  by  known  methods; 
morever,  the  accuracy  of  the  solution  obtained  here  can  be  estimated.  Particularly,  the  limits 
of  the  applicability  of  the  so-called  generalized  Rayleigh-Gans  approach  are  established.  The 
results  obtained  are  also  in  a  good  agreement  with  the  experimental  data[l]. 
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FIGURE  CAPTIONS 


Fig.l. Spectra]  dependence  of  relative  extinction  cross  section  for  strip-like  plant  element.  1-the 
Rayleigh-Gans  approximation,  2- the  current  method  with  the  second  terms  of  the  series  taken 
'  into  account. 

Fig.2.Radiation  patterns  of  scattering  by  perfectly  conducting  strip  and  a  thin  dielectric  strip. 
(a)-ka=3  and  observation  angle  ^  =0,  (b)-ka=5  and  observation  angle  ^  =0,  (c)-ka=5  and 
observation  angle  <f>  =  30,  (d)-ka=5  and  observation  angle  (/.  =90.1-the  perfectly  conducting, 
2-the  thin  dielectric  strip. 
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TME  rfETl^D  OF  ITS  PS^SPER  FlM:TIOj^  OF 
TI^  SIl^tiS^AR  CK^ATORS  IN  THE  TTECRy  OF  #WrEr©4AS. 

Arteeiev  V.V.,  Eninov  S-I.  • 

THe  ^tovgorod  state  university,  Novgcvod. 


In  this  work  the  nethod  of  the  proper  functions  of  the 
singular  c^er at or s  is  developed  with  reference  to  the  prob lens 
of  the  theory  of  the  antennas. 

TTie  nethod  of  the  proper  functions  was  broadly  conformed 
to  the  pn^lens  of  the  diffraction  of  E~polari2ation  on  the 
curved-linear  screen.  At  appears  that  this  method  can 
successfully  conform  to  the  equations  of  diffraction  of 
H-polarization  and  the  equations  of  dipole  antennas  Cl, 23.  The 
structure  of  this  equations  has  view  s 

(Au)(t)  +  X<Ku)(t)  +  (Bu)(t)  » 


‘  4 


1  a 

f  ^ 

1 

1  p 

S  — 

|u(t)-^ 

In -  - 

dt  X  --  |u(t) 

n  &r  ‘ 

i  »t 

1 

n  i 

I  -  -  I  - 

-4 


1 

In— — — 
|T-t| 


dt  + 


»  ■  . 

(1) 

The  operators  A  i*  unlimited,  symmetrical,  positive 
definite.  The  orthonormalize  basis  of  the  power  space  €»f 

this  operator  has  views 


26 


^  f.)  m  y. —  BinCn  BrccoBCT)!,  n»l,2,...,  (2) 

r  im 

The  equation  CD  **e'll  solve  In  With  basis  <2)  the 

equation  CD  coi«s  equivalently  to  the  infinite  systee  of 

Fredhole  of  second  kind.  The  subsequent  devel opeent  of  the 

•ethod  of  the  proper  functions  is  in  the  analytical  definition 
of  eatrix  of  operator  K  in  the  basis  C2>.  With  series  of  the 
tabular  integrals  we'll  find 


C-D‘*^  /(2i-D  <2j-D  r<i+j-2> 

2r(i-j+2)r<  j-i+2)rci+j+i) 


,e«2i-l,n*2j-l  f 


zyfT 

rc  i-i+2)rc  i-i+2)r<  i+4+2) 


,e*2l,n®2j 


The  correlation  (3)  pereits  to  know  asy^totical 
behaviour  of  the  coefficients  of  the  expansion  of  the  solution 
CD  cm  the  basis  . 


U(T)  -  ^  C„  f>„(T)  <♦> 

•  n»  t 

Theoree.  If  eCr)  is  the  infinite  differentiating  function 


then  for  C  it’s  truef 


const  ■ 

|C  I  <  — •  ,  n  =  1,2*3,...  , 

■  .  .  n  ' 

where  k  is  arbitrary  whole  nuetoer. 

For  solution  of  the  equation  CD  should  in  C4)  keep  M 
teres  and  solve  the  algebraical  systee  of  order  N*N-  The  rate 
of  the  tallieing  of  the  approKieate  solution  to  the  precision 


const 


solution  is  the  foIloMingt 

I  c  ‘  c  I  -  Jz  (C,-  C,  )*  s  ^  . 

Y  i  M 

If  antenna  stiaulates  oneself  with  the  concentrate 
sources  then  the  etr)  is  special,  i.e.  it’s  slowly  tallieing 
series.  In  this  case  it  needs  the  adiJitional  regularization. 
One  of  the  nethods  of  the  regularizations  is  in  the  following: 
the  quite  continuons  kernel  is  substituted  on  the  appoxinate, 
infinite  Matrix  is  substituted  iwi  the  finite.  And  right  part 
is  given  precisely. 
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THE  MODAL*  BASIS  METHOD  AKD  ELECTHOKAGHETIC  WAVES  IB  . 

.  ^  RANDOM  MEDIA'  . 

Babiy  V.I*,  Kaztrov  2.r»,  Yantaavich  A. A* 

Me  Bixidy  iho  problcw  oT  X^lnding  iVic  middle  field  in  itie  pandonljr 
nonstationary  mediuns.  Here  we  follow  the  nethod  using  the  represen¬ 
tation  of  the  field  as  the  series  of  expansion  on  selfadjoint  part  of 
the  Maxwell.*B  operator  (  t  lj  ).  This  expanatons  have  scalar  time 
varying  coefficients  which  satisfy  the  systems  of  ordinary  stocha- 
Btical  differential  cquationa.  In  first  approach  the  presence  of 
small  ioedlua"8  fluctuations  leads  to  recounting  of  mediums  contents. 
It  is  convenient  to  receive  the  equations  for  modal  coefficients  from 
rotor’s  Maxwell *0  equations  for  and*  Wg,  when  dielectrical 

periBlttivity  has  the  form  where  y  W  -  Markov 'e 

process-  Ve  have  found  the  general  form  of  equations  for  middle 
values  of  the  corresponding  coefricients  of  the  expansions  and 
analysed  the  case  with  Is  simplistic  diffusion  of  Markov’s 

proceaa*  ■  , 

■  ’  ■  •  . 

Tl}  .Tretyakov  0- A-  The  modal  Basis  Method-  Radlotcknlka  i 
electronica,  li  6,  1986,  pp.  1071-1082  (in  Rusaian). 
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‘  SCATHERING  OF  ELEaROKAGNETIC  WAVES  FROM  AN  ANISOTROPIC 
INaUSION  EMBEDDED  IN  THE  GYROTROPIC  HALFSPASE. 

0. V.  Bagatskaya,  D. 0.  Batrakov,  S.  N.  Shulga,  N. P.  Zhuck. 

310077  UKRAINE,  Kharkov  77,  pi.  Svobody  4,  • 

Kharkov  Slate  Ihi vers ity.  Department  of  Radiophysics. 

ABSTRACT 

A  2-D  problem  of  a  TM  polarized  wave  scattering  from  an 
inf initely  long  anisotropic  inhomogeneous  cylinder  of  arbitrary 
cross-section  buried  in  the  anisotropic  homogeneous  layer  is 
considered.  The  scattering  problem  is  formulated  as  a  pair  of 
integro-differential  equations  with' respect  to  the  electric  field 
components  over  the  cross-section  of  a  scatterer.  These 
equations  are  solved  via  the  moment  method  using  pulse  basis 
functions  and  delta  functions  as  the  testing  ones.  Sample 
numerical  results  related  to  electrically  gyrotropic  media  are 
presented. 

INTRODUCTION  AND  PROBLEM  STATEMENT. 

The  problem  of  electromagnetic  wave  scattering  from 
anisotropic  objects  has  been  studied  extensively  in  the  past 
decades  mainly  in  connection  with  the  radar  determination  of 
rocket  launching  using  radar  returns  from  rocket  fumes.  This 
problem  has  now  emerged  as  one  of  major  importance  due  to  the 
development  of  new  materials  to  be  used  in  microwave  and  optical 
applications.  Efficient  approaches  to  treat  scattering  from 
anisotropic  bodies  has  been  developed  e.  g.  in  the  recent  papers 
Q,2].  '  ;  : 

Ve  are  interested  in  the  following  situation  Csee  Fig. ID. 
The  isotropic  volume  is  Cl)  characterized  by  the  scalars  c=p=l. 
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The  half-space  CID  is  filled  with  a  non-magnetic  material  whose 
permittivity  tensor  e  is  represented  in  the  rectangular 

coordinate  system  x,y,z  as  a  matrix 

[  e  0  0 

A  XX 

£  =:  0  C  € 

c  yy  yz 

0  e  c 

t  zy  zz 

Here  c  e  are  some  constants,  maybe  complex-valued.  Let  in- 

S0rl,  in  such  a  medium  an  infinitely  long  dielectric  cylinder  of 
arbitrary  cross-section  which  is  oriented  along  the  x  axis.  The 
permittivity  tensor  of  a  cylinder  has  the  form  of  Cl),  with 
the  non-zero  components  ... being  some  piecewise-conti- 

nuous  functions  of  the  variable  ?=(0,y,z).  It  is  assumed  that  the 
initial  electromagnetic  field  E^,H^  maintained  by  the  time-har¬ 
monic  Ce"^^^)  sources  when  the  scatterer  is  absent  depends  on  the 
variable  t  only  and  is  independent  of  x.  In  this  situation  the 
electromagnetic  field  does  not  depend  on  x  as  well. 

The  invariance  of  the  problem  when  the  translations  are 
performed  along  x  and  the  specific  structure  of  permittivity 
tensors  in  the  adopted  coordinate  system  x,y,z  ensures  that  the 
field  E,H  splits  to  the  two  independent  constituents  comprising 
the  components  and  respectively.  It  is  more 

complicated  problem  for  the  TM-polarized  constituent  that  we 
intend  to  consider  below. 

In  the  case  where  external  sources  are  located  outside  the 
body  a  2D  scattering  of  a  TM-polarized  wave  by  an  anisotropic 
inhomogeneous  cylinder  can  be  formulated  as  an  integral  relation 
[31: 

EC?)  =  E^C?)-  ^  JdfV  7)C?')  ECfV).  C2) 
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Here  is  the  electric  dyadic  Greenes  function  of 

Maxwell's  equations  in  the  y-z  plane  with  the  scatterer  being 

renKJved,  S  is  the  cross-section  of  a  cylinder  in  the 

aforementioned  plane,  t)=c  -c.  On  projecting  relation  CS)  onto  the 

y.z  axes  one  obtains  the  following  integro-differential  equations 

within  S  with  respect  to  E.,E,: 

y  ^ 

1  d  d 

E  cib  =  - - — ■  le  +c  ][H  +ikFC?}]. 

y  ^  Q  (;f)  If  cyz  ^  *  o* 

C 


E  c?}  =  _L_  tc  C?)  ^  +c  Cfy  L  3tH  +ilcFCf)3. 

c 

In  these  equations  k=0/c,  c  is  the  speed  of  light  in  vacuum, 
FC?)=  fd?'  [E  C?')L  Cf,?')  +  E  C43 

o  y  y  z  z 


oL  Cf.fn  =  [e  e  C?')  -  £  £  Cf')3 

<I  '  *y  eyq  yy  czq 


+[£  7)  Cf'>  -  £  n  C?')3 

zz  'yq  yz  ZQ 


ascf.?') 


aGCf,f') 


Cq=y,2); 


a=£  £  -  £  £  ,  a  (?)  =  £  (?)  £  (?)  -£  (?)£  (?).  (6) 

zz  yy  zy  yz*  c  czz  cyy  czy  cyz  ^ 

The  quantities  T)p  ^,(p,q=y,z),  are  the  components  of  tensor  t)  in 
the  coordinate  system  x,y,z,  G  is  the  scalar  Green's  function  for 
the  airtiient  medium.  It  is  defined  as  a  solution  to  the  wave 
equation  with  a  poiht-like  source: 

U  —  +  £  —  +(£  +£  )  —  k“a3G(?,?')=a5(?-?').  (7) 

”  az^  df  dzdy 


^ich  satisfies  remaining  boundary  condition  and  demonstrates  an 
outgoing  wave  behaviour  at  infinity. 

Once  the  electric  field  within  the  scatterer  is  known,  the 
quantities  in  the  outer  region  can  be  determined  according 
to  (2)  via  explicit  formulae: 


32 


^  *'a  '-^y4r*  ‘^^y'dz''  ^^^' 

In  order  to  calculate  one  can  employ  the  following  expression; 

H  (?)  =  H  (?)  +  ikF(?).  ^9) 

X 

As  a  next  step,  we  present  a  useful  expression  for  the 
scattered  field  E.=E  -  E„.  H,=H  -  in  the  far-field  zone.  With 
this  purpose,  we  Introduce  in  the  y-z  plane  a  polar  coordinate 
system  L,©  (see  Fig. 1). 

One  of  the  parameters  of  major  interest  in  the  scattering 
problems  is  the  scattering  cross-sectin  cr(0)  which  is  introduced 

as  follows; 

(r(©)  =  LP  /P  .  (kL  »  1). 

S'  .  o  ■  . 

In  this  definition  Pj^  and  P^are  the  values  of  the  Poynting  s 
vectors  for  the  scattering  field  at  an  observation  point  (L.©) 
and  for  the  initial  field  at  the  point  ?  =(0,y^.0).  Assume  that 
the  initial  field  is  a  TM-polarized  plane  wave  which  incidents 
from  region  (1)  and  propagates  in  the  direction  of  the  unit 

vector  ?. 

NUMERICAL  SOLUTION  AND  ILLUSTRATIVE  RESULTS. 

The  •  integro-differential  equations  (3)  are  solved 
numerically  by  the  moments  method  [43.  Numerical  computation  have 
been  performed  to  obtain  0(0)  for  the  situation  concerned  with  TM 
wave  scattering  from  half-space  region  (ID.  which  represents 
cold  electron  plasma.  In'  this  case  e  and  e^appear  to  be 
skew-syrametriG.  The  ambient  electrically  gyrotropic  medium  is 
characterized  by  the  parameters 
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homogeneous  scatterer  has  the  rectangular  cross-section  with 
sides  I  and  h  and  was  centered  at  the  point  ?  =CO.O,z  }  ,)c  |z  l=fr 

C  w  Q 

(see  Fig. 1.)  The  permittivity  remains  fixed  throughout  the 
computation  and,  characterized  by  the  components  ^cxz~^cyy~^‘  ’ 
c  =-£  -to. 2.  The  initial  field  has  the  form  of  TM-polarized 

cyz  czy 

plane  wave  propagating  in  the  negative  z-direction.  Three  curves 
in  Fig.  1  received  for  different  scatterer  cross-sections  :1-  the 
rectangle  is  pulled  along  the  y-direction  Ckl=0. 8n,  kh=0. 2n3 ;  2- 
the  rectangle  is  pulled  along  the  z-axis  (kl=0.2H,  kh=0.8jr);  3- 
the  scatterer  has  the  quadratic  cross-section  Ck I =kh=0. 8n3.  This 
curves  clearly  show  the  influence  of  the  shape  of  the  scatterer 
to  the  scattering  pattern. 

Fig.  1.  Geometry  of  the  problem  and  angular  distribution  of  the 

scattered  field  power. 


%ds> 
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ABSTRACT 

Transroi*maLion  or  surface  electromaffneLic  wave,  supported  by  a 
boundary  of  plasma  half-space,  under  Instantaneous  growth  of  plasma 
density  in  time  is  considered.  It  Is  shown  that  initial  wave  splits 
into  two  new  surface  waves  pr opai^ating^  in  the  opposite  directions  and 
into  transient  bulk  radiation.  The  frequencies  of  created  surface  and 
bulk  modes  as  well  as  angular  distribution  of  bulk  radiation  is 
invest  Ig^ated. 


INTRODUCTION 

The  theory  of  electromagnetic  waves  propagation  in  a  time- 

varying,  via  ionizing  processes,  plasma  was  developed  by  many  authors 
mainly  with  respect  to  the  technical  problem  of  tunable  frequency  up- 
shifting.  The  results  were  obtained  both  for  the  simultaneous 
ionization  CTlash  lonizaUon'O  of  the  whole  space  Cll,  halfspace 
123,  slab  E33  and  for  the  moving  ionization  fronts  C4J.  However,  the 

previous  works  in  this  area  were  concentrated  exclusively  on  the 
transformation  of  the  bulk  Cplane  homogeneous^  waves. 

We  extend  here  the  theory  to  the  transformation  of  surface  waves 
in  a  non- stationary  plasma  structures.  In  theoretical  aspects  the 

problem  is  more  rich  comparing  to  the  case  of  bulk  waves 
transformation  because  the  initial  surface  wave  is  converted  not  only 
into  new  waves  of  the  same  Csurface)  type  but  also  Into  transient 
bulk  radiation.  As  for  practical  application  we  believe  that  surface 

waves  are  very  attractive  to  be  used  in  devices  with  tiitie— varying 
Csolld-state  or  gaseous!)  plasmas  due  to  their  localization  near  the 
boundary  and  to  their  slowness. 

Here  we  restrict  our  consideration  of  surface  waves 
transformation  to  the  important  case  of  the  instantaneous  growth  of 
plasma  density  of  a  half-space  in  a  time.  It  plays  the  role  of  the 
basis  <the  **rererence**  case>  for  considering  more  complicated 
problems  in  this  area. 

FORMULATION  OF  THE  PROBLEM 

Let  cold  eolUsionle.ss  plasma  of  plasma  frequency  occupies 

the  half-space  y<0  and  bounds  at  yasO  with  vacuum  y>0.  A  surface  wave 
with magnetic  field  given  by  15,63 
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where 


«t<y>  - 


,  y>0 


. ;  f.  -  .  y<0 


-  dielect.rtc  permittivity  of  the  crystal  lattice  Jin  the  case  of 
the  soUd-state  plasma  C^l-l  for  the  caseous 

«»Jto  C3> 

**o  “  ~  1  e  * 

is  travelllne  along  the  boundary  y-0  in  the  x 

the  plasma  ^--ity  suddenly^  increase i’Tnsfo^^itiSr^ 

f;iMT‘^avf"fr  Jr^new^’^urfa^  i-to  transient  bull: 

radiation. 


NEW  SURFACaE  WAVES 

«».>  oey  b.  deolvod  from  troatlns  dl.p.rslv.  .quiUon  for  oorf 

waves  on  a  plasma- vacuum  boundary  tS,61 


w 

•  a  rr-i. 


(•  -  #] 


together  with  the  kinematic  condition  h=h^,  and  are  given  by 


«+  «  i-fST  * 

42 


2  Z 

c  hp\2 

2  J  z 

Wo* 


where 


z 


<see. 


37 


0  10  20  30 


-Frequencies  absolut^e  value  of  new  sux^l'ace  waves  as  a 
l^uncbion  of  plasma  density  jump  f  i  ^  for 

and  Ca>  -f2coQ/Wp^*0,9^  Cb)  ,99 . 

Thus,  the  steady-'state  solution  consists  of  two  up-shifted 
<  1  Ci>+ 1  >co^>  surface  waves.  One  of  them,  with  frequency  c*>^>0,  propag^ates 
in  the  same  direction  as  the  Initial  one  and  the  other,  with 
frequency  in  the  opposite  direction. 

Surface  waves  amplitudes  obtained  through  the  use  of  Laplace 
transforms  are  g^iven  by 


2  2  f ■■  ■  2 

CcOp- 01+4:2 ^ ^ ^ 


C7> 


The  corresponding  dependence  of  energ^y  transformation  coefficientj 
V+z^Vq  on  the  parameter  Ao>p/<0p  ^  Is  presented  in  Fi^.2. 


2.2 
>  /o> 
P  P 


ri^.2.  Energrles  of  new  surface  waves  vs  plasma  density  Jump  for 

42o>q/o>p^-0,99. 
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TRANSIENT  BUI.K  RADIATION 

Frequencies  or  bulk  waves  i-adlsted  Into  vacuum  depend  on  the 
angle  e  between  direction  or  wave  propagation  and  the  normal  to  a 
plasma  surface  according  to  the  formula 

«  -  C8> 

■  \  t  .  ■  , 

where  ~nyz  <  0  <  ny^.  ji  *  ^ 

The  dependence  of  the  portion  of  the  whole  energy  W^/V^  radiated 

l>o€h  in'to  vacuum  and  lnt.o  plasma  on  the  parameter  Is  shown  in 

Fie.3. 


0  10  20  30 


,3.  Rsdiated  energy  as  a  function  of  plasma  density  jump  fo^ 
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Three-dimensional  In^’erse  Problems  of  Geametric  Cptics 
in  the  Subsurface  Radio  Sounding. 
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ttie  of  fast  developing  branches  of  radio  location  is 
sounding  of  objects  and  structures  hidden  under  the  earth 
surface,  inside  buildings  or  sometimes  •  in  living  organisms 
'  1 1,21.  Along  with  pure  technical  problems  of  constructing  new 
transmitters,  receivers  and  measuring  equipment,  a  wide  class  of 
mathematical  problems  arises.  They  are  concemed  with 

interpretation  of  sounding  data,  determinaticsi  of  position, 
shape  and  material  properties  of  the  objects  of  interest. 
Despite  of  abundance  of  the  developed  methods,  they  often  are 
inadequately  complicated  or,  on  the  contrary,  are  based  upon  too 
simplified  models  of  the  horizcntally  stratified  environment. 

le  discuss  a  wide  class  of  essentially  3D  inverse  problems 
which  can  be  solved  exactly  in  the  framework  of  geometric, 
optics.  The  simplest  problem  is  reconstructicn  of  the  shape  of 
an  ideally  reflecting  body  embedded  in  a  homogeneous  or 

stratified  medium  from  the  measured  travel,  times  of  the  souraiing 
pulse.  The  correspoiding  direct  problem  of  ray  tracing  has  & 
simple  exact  solution.  Less  trivial  is  the  fact  that  the  inverse 
problem  also  has  a  uni fold  analytic  solution  provided  the  2D 
travel  time  distributim  over  the  earth  surface  is  known.  Sere, 
we  danonstrate  an  efficient  numerical  algorithm  for  the 
monostatic  sounding  problem. 

Let  a  perfectly  reflecting  smooth  surface  2  “  hC^.Tj)  be 
embedded  into  a  stratified  non-dispersive  medium  with  dielectric 

permittivity  c{z).  It  is  to  be  reconstructed  using  the  data  of 

monostatic  radio  sounding  from  the  plane  earth  surface  z  *  0.  We 
assume  that  the  return  signal  at  the  transmitter/receiver  point 
’"o  ^  formed  by  a  monopulse  specularly  reflected  from 
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a  single  point  (e.U.  h(C.7j).)  of  the  reflecting  surface.  The 
measured  travel  time  T  =  2P/c  is  proportional  to  the  group  path 
P(x  ,y  )  being  the  function  of  the  observaticsi  point  As 

frequency  dispersion  is  neglected  (dc/du  =  0),  it  coincides  with 
the  optical  path  0  =  X  ds  what  greatly  simplifies  the 
following  analysis. 

It  is  obvious  that,  having  performed  observations  at 
different  points  r^ ,  one  gets  a  dual  mapping  of  the  reflecting 
boundary’  h(?,T))  onto  some  surface  P  =  ^  ^ 

half-space  (x,y,0).  Therefore,  an  inverse  problon  can  be 
considered:  to  reconstruct  the  initial  surface  z  =  h(C,T))  from 
measured  values  P  = 

Within  the  framework  of  geometric  optics,  an  exact  solution 
of  the  eorrespcxiding' direct  problem  has  the  following  form: 

X  =  ?  +  /enal  n  t,  y„  =  w  +  /eTET  n  x 
o  at  •  0  .  y 


where  n  =  (n^,  n  ,  -Vl  -  n^  -  n*)  is  the  unit  normal  vector  to 

h(^,i))  at  the  reflection  point.  The  first  three  equaticxis 

represent  parametrically  a  ray  in  the  stratified  medium  e{z) 

while  the  last  equation  gives  its  optical  length  [3]. 

The  inverse  problem  can  be  solved  via  the  same  formulae  (1) 

if  one  relates  the  normal  components  n^,  n^  with  the  measured 

values  of  0(x  ,y  ).  This  relationship  can  be  established  by 
.00 

differentiating  the  last  equation  (1)  with  respect  to  ^  and  Ti¬ 
lt  results  in  the  following  expressiois 


After  substituting  them  in, to  (1)  the  latter  can  be  rearranged' to. 


the  follcwing  form: 


41 


It  can  be  easily  seen  that,  for  an  arbitrary  c(z),  these 
fcH^ulae  give  a  parametric  soluticn  to  the  problem  of 
reconstructing  h(C.i»)-  In  fact,  given  measured  functions  8\^/0x 
a^/ay,  inversion  of  the  last  integral  yields  the  reflection 
depth  h  as  a  functicm  of  the  observation  point 
Consequently,  the  ray  parameter  x  and  the  coordinates  also 

can  be  calculated  explicitly  as  functions  of 

In  the  particular  case  of  a  uniform  medium  e(z)=e^=  Const, 
the  solution  (3)  takes  the  simplest  form: 


c 


iL 

c  ax 
0 


JL 

Co  ay 


(4) 


0 


Formulae  (4)  give  an  obvious  generalization  of  the  well-known 
results  [4]  ccnceming  the  2D  inverse  problem  (reccxistruct ion  of 
a  cylindric  surface  h(^)  from  the  measured  group  path  P(Xo)). 

We  dancnstrate  examples  of  numerical  implementation  of  the 
above  algorithm.  We  have  simulated  radio  sounding  of  a  given 
reflecting  surface  h(C,T>)  by  calculating  the  group  path 
and  coordinates  using  formulae  (1)  over  a 

rectangular  grid  in  the  (C,t))  plane.  As  a  result,  we  obtained 
travel  time  T  =  2(///c  as  a  function  of  the  observation  point 
(x^,y^).  The  inverse  problem  was  solved  via  the  formulae  (4). 
The  derivatives  a^/ax,  a^/ay  have  been  calculated  using  finite 
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differences. 

If  the  reflector  is  buried  at  a  relatively  small  depth,  the 
mapping  h(e,u)  ■»  mutually  unifold  and  the  numerical 

solution  reconstructs  the  given  reflecting  surface  h(C.Ti)  with 

small  discrepancy  due  to  a  finite  step  between  the  observation 
points.  For  larger  depths,  caustics  may  occur  and  some 
modificatiai  of  the  algorithm  is  required  [5). 

More  realistic  models  including  rough  boundaries 
ciiaracterized  by  certain  scattering  radiaticai  patterns  also  can 
be  considered.  The  radiation  pattern,  as  well  as  the  unknown 
dielectric  permittivity  profile  of  the  host  environment,  can  be 
determined  from  the  data  of  the  bistatic  sounding. 
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ABSTRACT 

This  report  deals  with  the  following  electromagnetic  in¬ 
verse  problem  arising,  for  example,  in  geophysical  exploration. 
We  assume  that  the  probed  plane-layered  slab  of  given  thickness 
lies  upon  a  uniform  substrate.  The  upper  halfspace  from  which 
sensing  time  harmonic  ,  plane  wave  is  falling  remain  free. 
Permittivities  of  the  substrate  and  the  upper  layer  assumed  to 
be  knovm.  The  scattered  field  is  then  measured  at  a  different 
frequencies  or  scattering  angles.  The  problem  is  to  find  the 
unknown  permittivity  profile  from  these  measurements.  The 

proposed  approach  represents  an  extent ion  and  modification  of 

the  earlier  proposed  by  the  present  authors  iterative  technique. 
The  advantage  of  the  present  solution  is  that  it  permits  due  to 
the  existence  of  the  backscattered  component  to  measure 
scattered  field  at  only  one  observation  point.  So  it  allows  to 
operate  only  with  one  antenna,  situated,  for  example,  at  the 
airplane.  The  another  novel  idea  is  to  formulate  the  problem  via 
the  Intensity  data  registration.  Then  the  nonlinear  equation 
linking  the  informative  parameter  auid  the  reconstructed  quaintity 
is  inverted  via  the  previously  described  Newton-Kantorowich 
iteration  method  and  Tikhonov’s  regularization  technique. 
Numerical  results  will  be  presented  in  graphical  form  to 
illustrate  possibilities  and  prospects  of  tte  present  method. 
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INTRODUCTION  AND  PROBLEM  STATEMENT 
The  previous  research  in  the  remote  sensing  has  been  focused 
on  the  direct  scattering  problems  i.e.  on  finding  the  parameters 
of  the  scattered  electromagnetic  field  under  the  assumption  that 
the  parameters  of  a  medium  as.  well  as  the  statistical 
characteristics  of  the  latter  are  known  tl,21.  In  some  research 
areas  such  as  radi  oceanography  [11  and  optics  of.  light 
scattering  131  the  efforts  have  been  made  to  determine  the 
parameters  of  a  rougth  surface  provided  the  propet ies  of  the 
underlying  medium  are  given. 

As  it  is  well  known,  the  internal  structure  of  a  medium  bounded 
with  a  rough  surface ‘essentially  affects  the  process  of  EM  wave 
scattering  [23.  This  fact  provides  the  physical  basis  for  the 

inversion  of  physical  characteristics  of  a 
n  underlying  medium  by 

using  information  concerning  this  medium  which  is  contained  in 
the  non-coherent  scattering  data  due  to  surface  roughness.  This 
is  a  completely  new  approach  in  the  inverse  scattering  theory  as 
compared  with  the  existing  inversion  methods  (see  e.g.  [413 
which  have  been  developed  for  plane-layered  media  with  a  plane 
boundary  and  wich  utilize  the  (specular)  coherent-wave 
reflection  data.  • 

Vfe  consider  a  plane-layered  dielectric  medium  which  consists  of 
an  inhomogeneous  layer  -b<z<0  and  a  uniform  substrate  -co  <z<-b 
(see  Fig. ID.  The  outer  boundary  of  a  slab  is  covered  with  a 
statistical  roughness  determined  by  the  equation  z  where 

r=Cx,v,0},  Zj.  is  a  random  function  with  the  zero  mean  value  and 
the  second  statistical  moment  Bfr-r'3-<Z2fr3zj^r'3>.  Tne 
roughness  is  assumed  to  be  slight'  [11.  A  time-harmonic  plane 
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wave  polarized  horizontally  Cp^  or  vertically  Cs>  is  obliquely 
incident  from  free  space  0<z<+oo  upon  the  medium.  Let 
cr  designate  the  backseat ter ing  cross  sections  for  the 
co-polarized  ct»istituents  of  non-coherent  field  at  p,  s 
polarizations  respectively.  It  Is  assumed  that  the  function  B  as 
iiell  as  the  thickness  b  of  a  slab,  the  value  eC-Q)  of  slab’s 
permittivity  at  the  unper  tiff  bed  outer  boundary  and  the 
permittivity  of  the  sutetrate  are  knovm  apriori.  Suppose  that 
a  series  of  experiments  has  been  carried  out,  the  j-th 

experiment  being  performed  at  a  specific  frequency  and  yielding 
the  value  u,=cr  for  and  u.zcr  for  J  <j^J  +J  , 

C 7=1,2, . .  .JD.  The  task  is  to  reconstruct  the  unknown  perraitivity 
distribution  eCz)  "withing  the  slab  from  the  non-coherent 
scattering  data  set  u, , 

NUMERICAL  SOLOTION  AND  SAMPLE  RESULTS 
Fcr  simplicity  we  limit  ourselves  to  the  case  where  the 
frequency  dispersion  of  the  constitutive  parameters  of  all 
media  involved  can  be  ignored-  at  least  in  the  frequency  range 
employed.  However  we  account  for  losses  by  allowing  complex 
values  for  these  constitutive  parameters.  Let  us  suppose  that 
the  medium  within  the  slab  whose  permittiYity  distribution  is 
unknown  is  replaced  by  an  auxiliary  medium  with  given 
permittivity  distribution  is  unknown  is  replaced  by  an  auxiliary 
Indium  with  given  permittivity  distribution  C-b<z<0), 

such  that  cjC-0y-cC~Oi>.  The  outer  bouiKlary  of  the  auxiliary 
medium  is  covered  by  the  statistical  roughness  determined  by  the 
same  random  function  as  for  the  probed  medium.  We  calculated 
the  BCS  u,u^  for  the  probed  and  the  auxiliary  media  within  the 
framework  of  Born  approximation  [1,23.  Assume  that  differs 
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little  from  e  so  that  the  quantity  r)=c-c^  is  small  enough.  On 
expanding  u-ff  in  power  of  t)  and  retaining  two  first  terms  one 
obtains  the  relation  which  links  the  difference  u-u^  with  t); 
u-u^--RsLt) 

^ere  L  is  some  linear  functional  acting  on  z  withing  the 
interval  -b<z<0  wich  is  determined  by  and  is  independent  of 
e.  Then  one  can  reconstruct  tj  from  the  scattering  data  set  Uj 
by  employing  an  optimization  approach  where  one  minimizes  the 
following  cost  functional: 

|Uj- ReLj7}r+ a  nCi)).  C2) 

Here  w  are  the  positive  weighting  coefficients,  a>0  is  the 
regularization  parameter,  and  Lj  are  the  quantities  u,  L 
specified  to  the  conditions  of  a  j-th  experiment.flCp)  is  the 
quadratic  smoothing  functional.  The  minimization  of  F  is 
performed  analytically  to  yield  an  integral  equation  which 
easily  lends  itself  to  analytical  solution.  With  t)  at  hand,  cne 
arrives  at  the  estimate  e  ,  +7)  For  the  unknown  function  e. 

This  estimate  is  employed  in  place  of  and  the  preceding 
.scheme  is  succecively  repeated.  This  constitutes  the 
Newton-Kantorovich  iterative  solution  to  the  proposed  inverse 
problem. 

Sample  results  of  profile  reconstruction  for  measurements  at  p 
polarization  are  shown  in  Fig. 2.  Here  the  solid  line  depicts  an 
actual  permittivity  profile,  dashed  with  dots  line  ~  the  initial 
guess,  and  the  dotted  line  -  reconstructedprofile  distribution 
respectively.  It  is  assumed  that  the  angle  of  incidence  y  lakes 
J=40  values  disturbed  equidistanlly  over  the  interval  E0°^V'^80®. 
The  function  BCr^=a^expC-r^/l^)  depicts  the  gaussian-correlated 
roughness  with  the  rms  height  o’  and  correlation  length  1. 
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II  is  taken  92.  Fro’n  these  results  it  Is  seen  that 
the  proposed  inversion  approach  based  on  inverting  the  non¬ 
coherent  scattering  data  provides  quite  feasible  reconstruction 
of  inhoDtogeneous  permittivity  profiles.  . 


_  4 

Incident 

wave 

Non-coherent 

C fluctuating) 
j ^  component 

0 

cCz5 

w  ’  • 

The  unknown  slab 
to  be  inverted 

'-b',  '  ■ 

Homogeneous 
substrate  • 

Fig.  1  Two-dimensional  sketch  of  the  problem. 
cCz3 


Fig.  2  Example  of  profile  reconsrtuct ion 


48 


REFERENCES 

1.  F.G.Bass-  and  I.M.Fuks,  Wave  Scattering  from  Statistically  Rough 
Surfaces,  New  York:  Per gamon,  1979, 

2.  N.P.Zhuck,  Theory  of  Waves  in  Statistically  Inhomogeneous  hfedia 
(in  RussianD,  Dr  Phys  St  Math  Sci  degree  dissertation,  Kharkov  State 
University.  Kharkov,  1^. 

3.  C.J.R.  Sheppard,  T.J.  Connolly  and  M.Gu,  •’Imaging  and 
reconstruction  for  rough  surface  scattering  in  the  Kirchhoff 
approximation  by  confocal  microscopy**,  J.  Modern  Optics,  vol.40. 
No  12,  pp. 2407-2421,  1993. 

4.  T.Uno  and  S.Adachi,  "Inverse  scattering  method  for 
one-dimensional,  inhomogeneus  layered  media",  IEEE  Trans.  Antennas 
Propagat. ,  vc^.35.  No  12,  pp. 1455-1466,  Dec. 1987. 


49 


DIELECTRIC  SLAB  EIGENMODE  SCATTERING 
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ABSTRACT 

The  two-dimec^csial  probiem  of  dielectric  slab  rigenmodc  scattering:  from  a  penetrable  body  Kometsed  into 
«  stratified  nicdiura  is  solved  by  tbe  numerical  method  based  on  the  surlkce  potentials  approach.  Tlie  original 
scattering  problem  is  forrajjiated  in  tenns  of  a  set  of  boundary  integral  etpratioos.The  laveied  geometry  of  tlie 
auiroundiog  space  is  taken  into  account  by  using  the  Green's  functions  of  the  corresponding  boundary  problem. 
The  Euler  mefrjod  is  used  to  ingrrove  the  coovergcace  of  Somnierfeld-type  integrals  which  are  contained  in 
expressicKU  for  die  Green's  functiotjs.  Some  illustrative  numerical  results  an?  presented. 

INTRODUCTION 

Discontinuity  probiems  in  open  dielectric  waveguides  are  essential  to  the  design  of 
various  optical  and  millimeter-wave  components,  such  as  liltera  and  grating  couplers.  Tliw 
also  play  an  important  role  in  the  simulation  of  .splicing  of  two  optical  waveguides.  The 
simplest  model  for  these  complicated  discontinuities  can  be  a  dielectric  cylinder  immersed 
in  a  dielectric  slab  waveguide. 

The  scattering  and  mode  conversion  of  tlie  slab  eigenmode  from  a  circular  cylinder 
outside  the  slab  have  been  considered  by  an  approximate  method  in  jl)  and  rigorous 
method  in  {2].  Anotlier  rigorous  method  based  on  integral  equations  has  been  proposed  in 
f3]  for  a  symmetrical  deformation  of  both  boundaries  of  a  slab.  Modeling  a  splice  of  two 
dielectric  waveguides  has  been  performed  in  [4]  by  using  tlie  partial  variational  principle. 

For  consideration  of  an  arbitraiy  local  boundary  deformation  of  an  open  waveguide  we 
have  proposed  an  approach  based  on  the  surface  potentials  method.  By  means  of  the  .single 
layer  surface  potential  the  original  scattering  problem  is  formulated  in  tenns  of  a  set  of 
boundary  integral  equations.  The  stratified  geometry  of  the  host  medium  is  taken  into 
account  in  the  keniels  of  the  integral  equations  by  using  of  the  Green's  fimetions  of  tlie 
corresponding  boundary  problem.  The  Euler  tran.sform  is  u.sed  to  improve  the  convergence 
of  Sommerfeld-type  integrals  which  come  into  expressions  for  tlie  Green’s  fimetions. 
Se'/enal  numerical  results,  including  scattering  patterns,  total  scattered  jxiwer  and  mode 
ctsiversioD  coefficients  hai'e  been  calculated. 

PROBLEMFORMULATION  AND  SOLUTION  . 

Consider  a  medium  occupying  the  whole  two-dimensional  space  which  parameters  can 
be  described  by 


where  6(z)  and  k(z)  are  the  penmttivity  atni  Ihe  local  wavenunibo- respectively, 

k.  is  the  feee-space  wavenumber  and  d  is  the  thickness  of  the  slab  guiding  region. 

Consider  a  dielectric  slab  eigenmode  scattering  from  a  dielectric  cylm^ 
boundary  between  the  slab  and  the  upper  halfspace.  Cylinder  cross-scchon  S  xs  bounded 

by  an  arbitrary  smooth  curve  E  and  the  penidlUvity  of  the  cylinder  is  denoted  as 
The  electric  field  component  E«  of  guided  TE  modes  can  be  expressed  a.H  follows: 


A(l  +  Q)e-P“.*>0  j 

Here ,  we  assume  the  e*"*®*  tune  dependence,  where 

P3  “  -  ks .  Pi  *  k? 

Pj  ,p3  and  Y,  satisfy  the  dispersion  equation: 


(Pi  +p3)cosTs‘*+(^^- Ys)smYi<*=^  ® 

Ys 


(2) 

(3) 

W 


and  mode  amplitude  A  is  looked  for  as  meeting  the  conditicm:  J  T*  (*)«*s  *  1  (5) 

Nonzero  components  of  the  scattered  magnetic  field  are  derived  from  the  following 

relations;  Hy*-: — 9*Ei  »  H*®'— ~9yEi 

^  iko  ka  .  ,  ..  ..j 

The  set’ of  integral  equations  fc»-  the  unknown  potential  densities  ,9  and  Y  obtamed 

using  the  representing  of  the  fields  E  and  E*  by  means  of  surface  potentials. 

t 


f  j{«}>(p)Gb(r,p)^  Y(p)G(r,p)}dp  =  E  (?) 

i  -  ^ 

I  V(r)  +  q>(jr)  _  j{q>(p)B„Gb(f  ,p) -  Y(p)9nG(r.p)}dp  =  -9,E*(r) 

I  .  2  .  S 

The  Green's  funcUons  G^  and  G  satisfy  tlie  Hebnliolhz  equation  with  Uie  Dnac-delta 
function  in  the  right-hand  part. 

Consider  singularities  in  the  kernels  of  the  integral  equations  (7). 

Whenjr-p|— ^0  the  following  estimations  are  vahd; 

Gj,  =  G  =  0(lnjr-^)  ,  3„Gb  *  9n®  “*  ®(^) 
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Assuming  that  the  parametric  expression  fca-  curve  X  is  known,  (7)  can  be  expanded  like 
follows:  - 


/  {9  WGk  -  V('C)G(T,^)}dT  =  E* 

I  V(T)3„G(T.5)}d 


matrix  equation  is  obtained  using  the  quadrature  fonimlas  for  both  integrals  with 
fogaritluiiic  singularities  and  regular  integrals. 


'  IGtIN 
“iS.GiJ 


f  9(T,)  y  /  e‘<TJ  ' 

l  lx  .  E*(X^,) 

-+{3„GjJ  Y(T„)  ~3„E‘(tj 

lv(XN-l)j  (,-a„E‘(TN-l), 

k*0,N-I 


The  peculianty  of  fee  probl  em  is  tha  t  a  cylinder  can  boundary  betunseii 

the  slab  and  simounding  medium.  When  both  the  source  and  the  observation  points 
approach  fee  boundary,  integrals  which  are  amt^ed  m  exp^  Gieen’s 

fonctions  become  slowly  convergent  and  the  computation  of  matrix  elements  is  time- 
consuming.  The  Euler  method  for  slowly  convergent  series  is  used  to  improve  convergence 
of  tl^se  integrals  because  the  integrant  is  fee  oscillating  and  slowly  decreasmg  function 
and  fee  integral  over  the  haif-penod  can  be  considered  as  a  term  of  fee  series.  The  validity 
and  useAiIness  of  the  proposed  method  is  show^ed  by  the  foUov.hig  numerical  data: 

Table  l.The  comparising  of  two  methods  of  Sommerfeld-type  integrals  evaluating. 


The 

Euler  trazulonn 

applicatioxi 

1 2.0  ^ 

-0.08951197 

fi.o  ^ 

I  -0.065370!  7 

^0.5 

1-0.07469742 

0,1 

-0.08342145 

0.005 


j  0.001 

00005 


0.01 


5 


{  0.001 
Togoos 


-0,08455928 


-0.07469741 


-0.08342138 


-0.08411694 

-0.684585^7" 


-0.08464270 


-0.08468473 


jO.08951  W 
-6’66537625 


-0.07469753 


-0.08342189 


-0.08411771 


-0.08459031 


-0.08464405 


-0.08468632 


1-0.08469021  I  32  I  "<>♦0846899^  _J_^25_£^aQ8^9b^^  I  J 


Matrix  equation  (10)  can  be  solved  numerically.  The  solutions  of  (10)  enable  tiie 

determination  of  tlie  xinknown  .scattered  E*  and  tlie  total  E  electric  fields. 

Consider  the  expansion  of  the  Green's  fiinction  in  terms  of  eigen  fiinctions  of  (he  slab: 

_ ^*l'(*A)'f'(*’A)«p(lX|y-yM)  fin 

N'(M  - rfT” 

where  £  includes  the  sum  taken  over  the  eigenvalues  of  the  discrete  spectrum  and  tire 
integral  with  respect  to  the  continuous  spectrum  of  the  problem: 

J-^  +  k^(z)  +  X^l'P(z*X)»0,  -c«<z<«»  (12) 

(.5*  J 

|’i'(z,X)|<  •»  when  z->  ±«“ 

Coefhciesnt  (X)  is  obtained  from  the  following  condition: 


jY(z,X)'i'(*A’)d2«Ni(X)53j^,  (13) 

where  Sjj,.  is  the  Dirac-delta  function  or  the  Kronecer  coefficient. 

Using  (1 1)  we  obtain  the  scattered  field  expansion  in  the  terms  of  cig«i  functions  of  ffie 
slab: 


[  SC^(X)'r(z,X)exp{iXy}  ,  y>yj 

^  _  (I'l) 

h:c"(X)'P(z,X)exp{-iXy}  ,  y<y, 

U 

where  y  j  (yj  )  =  min(max){y  e  S}  and  C*  (X)  are  mode  conversion  coefficients. 

Integral  with  respect  to  the  continuous  spectrum  of  the  problem  in  (1 1)  can  be  evaluated 
by  the  steepest-descent  method  in  the  far  zone  of  the  cylinder  outside  the  slab  (z  >  0). 
Thus  we  obtain  the  expressions  for  the  scattered  power. 

Pj  =  clm{E**VE*}/8»ko^  -  to  the  radiation  inodes,  (15) 


p  *»_i-XfcN*(Xk)|C*(Xk)p  -to the k-th guided  mode  (16) 

87Ck„ 


The  scattering  pattern: 


Os(®)“  11“ 


LP(L.e) 

Po 


(17) 


where  P«,  is  the  incident  eigenmode  total  energy  flow  along  tlie  waveguide. 

Fig.  1  show^  the  scattering  pattern  of  the  slab  eigenmode  scattering  from  a  curvilinear 
cylinder  embedded  into  tlie  slab. 


53 


o 

0",dB 

fig.  1  Pattern  of  the  scattering  htso  a  curvilinear  cylinder  immersed  into  the  slab. 

CONCLUSIONS 

The  «:otteriiig  and  mode  conversion  of  a  dielectric  slab  eigenmode  fi-om  a  dielectric 
^linder  have  been  anafyzed  numerically  by  the  method  of  a  single-layer  potential.  The 
jxoposed  method  can  treat  cylindrical  discontinuities  with  cross-section  bounded  by  an 
'arbitrary  smooth  curve.  Tb^se  cylinders  can  be  placed  inside  tlie  slab,  outside  it  and  on  the 
abb  boundary.  This  method  can  also  solve  the  discontinuity  problems  with  a  TM  mode 
incidence.  Some  illustrative  numerical  results  for  tlte  scattering  patterns,  tobi  scattered 
power  and  mode  conversion  coefficients  have  been  presented. 
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DURING  THE  CALCULATIONS  OF  THE  THERMAL  RADIOEHISSION 
STATISTICAL  CEARACTERISTICS  OF  THE  ROUGH  SEA  SURFACE 
IN  nRHGOFF  APPROXIMATION. 

Igor  Bubukin 
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B.Pecherckay  St.  2b/14,  Nizhny  Novgorod,  603600,  Russia 

ABSTRAa 

The  Bsethod  of  development  of  the  analytical 
expression  for  the  brightness  temperature  statistic 
characteristics  of  the  surface  with  the  large-scale 
roughness  was  proposed.  Tlie  method  is  based  on  the  local 
coordinate  introduction  during  the  integral  calculations 
by  the  pass  method,  using  the  infinitesimal  of  the 
surface  inclination  angle  tangent  variance.  The  theory 
of  the  sea  surface  thermal  radioemission  fluctuations 
for  any  polarization  angle  and  large-scale  waves  was 
developed  by  means  of  this  method. 


The  sea  surface  brightness  temperature  fluctuation 
investigations  give  a  new  opportunity  to  obtain  the  sea  surface 
dynamic  structure  data.  The  brightness  temperature  fluctuation 
spectrum  contains  the  information  about  the  sea  surface 
inclination  spectrum  and  can  be  used  both  for  sea  waves  and  near 
surface  wind  velocity  determination,  and  to  calculate  the  average 
brightness  temperature  corrections.  The  progress  in  this  field 
depends  on  the  advance  of  the  theory,  which  allows  to  produce  the 
brightness  temperature  statistic  chiracteristics  of  the  surface 
with  the  large-scale  roughness. 

This  method  of  development  of  the  analytical  expression  for 
the  brightness  temperature  statistic  characteristics  of  the 
surface  with  the  large-scale  roughness  is  based  on  the  local 
coordinate  introduction  during  the  integral  calculations  by  the 
pass  method  Cll.  For  the  large-scale  roughness,  when 
electromagnetic  wavelength  X  is  much  smaller  than  roughness 
dimension  A: 

X  «  A 


the  wave  surface  brightness  temperature  T  is  defined  by  the 
surface  characteristics  at  the  point  of  intersection  of  sighting 
line  with  the  surface.  For  this  case  the  main  statistic 
characteristic  of  the  brightness  temperature  field-the  correlation 
function  is: 


,t^  ,f^,t^,V,a,0}=AT(Cj  -ATCCj^,??^, V,a,0)  Cl) 

vdiere  the.  surface  conditions  at  the  points  moments  ,t^ 

are. defined  by  the  surface  inclination  angle  tangents  C,  and 
for  X,Y  axies,  lying  in  the  undisturbed  sea  surface’ plane 
Cy-axis  is  oriented  in  the  Opposte  direction  to  the  wind).  The 
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horlsonial  line  above  T  meajis  the  ansemble  average.  a,t  angles 
denote  the  observer  direction  at  the  polar  coordinate  system, 
where  a  is  measured  from  Y,  and  5-from  the  ncrmal  to  the 
undisturbed  surface.  is  a  polarization  angle,  which  is  egual  to 
zero  for  horizontal  polarization  of  the  receiver.  The  brightness 
temperature  change  is  measured  from  the  average  value: 

ATCC»i)»lP#a.5>=TCC.n-VrarS5  -  TCv.a,flD  C23 

The  relationship  CS)  is  expanded  into  the  Teylor  series,  using  the 
infinitesin^  of  the  sea  surface  inclination  angle  tangent 
deviation: 


1  3*T 


C.I7=0- 


C,-n=0 


fu'-u' 1  ♦ 


el  f  - ^ 

+  —  ’  \  Xv  ~  Cd  I  + - 

The  brightness  temperature  momentary  value  T  is  expressed  in 
terms  of  the  local  emission  coefficient  for  vertical and 

horizontal -Jjj  polarization; 


TCw.C  .D.a.eJ  -T.  •  [j^-  [J-J  J  cos'Cr-v-j] 


here  T^  is  the  water  kinetic  temperature,  «CC,  17,  a, 5)  is  the 

double-side  angle  between  two  observation  planes,  measuring  from 
the  undisturbed  sea  surface  and  from  the  tangential  to  the  wave 
plane  in  the  point  where  the  observation  line  intersects  the  sea 
surface.  The  relationship  C4)  and  the  problem  geometry  allow  to 
change  differentiation  variables  in  C3j  ,  that  is  modifed  to  the 
expression: 


ATCC.,.^.a.S)=T.[[^  -  -  -  C,  ]- 


e£k 

sin^B 


.  B  r. 


cos  2v 


«  «  ♦ 


X||  and  Cj^  denote  the  IncllnaUon  angle  tangents  in  the  observation 

and  perpendicular  planes  and  they  are  related  with  C  and  17  be 
means  or  the  expressions: 

C||*C*sina  +  T7'COSa 
^j^sTj'Sina  +  C'cosa 

For  statistic  honvDgeneous  brightness  tentperature  field  the 
correlation  function  Cli  depends  on  the  difference  of  coordinates 
T=t^-t^  and  the  brightness  temperature  fluctuation 

spectrum  is  related  with  the  correlation  function: 

HD 

^JUKCf,T,v'ra,6) -expl-iCSf-F  -  tfl-TD]d*rdT  C6D 


C1),C2),C43-C63  relationships  together  with  Lne  model  ror 
two-points  distribution  function  make  statistic  average  possible 
and  allow  us  to  derive  the  brightness  temperature  spectrum  and  an 
inclination  angle  spectruia  relation.  Using  this  method  for  the 
brightness  temperature  average  magnitude  and  its  fluctuation 
spectrum  is  discussed  in  [2]  more  detail^;,  Relationships  for  the 

average  brightness  temperature  change  AT=T-T^^  relative  to  the 

flat  surface  brightness  temperature  •Tfs  and  for  the  fluctuation 

spectrum  were  obtained  accurate  up  to  the 

second-order  infinitesimal  tens  for  the  fluctuations: 
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sin  2a ‘Sin  2v/ 


♦n=  ♦^Coj.to  cos*a  +  4^Co),lb  sin*a 
sin*a  +  $^Cw,l!3  cos*a 

a  A  and  cr  are  the  surface  Inclination  angle  tangent 

deviations  and  fluctuation  spectra  along  and  across  the  wind  and 
o'U,^>jl  and  are  dispersions  and  spectra  in  the  sighting  and 

perpendicular  plane  respectively. 

The  analysis  of  the  relationship  C7)  shows  that  the  flat 
surface  brightness  temperature  relationship  at  the  polarization 
angle  f  differs  from  the  relationship  for  the  average 
teiiDeratures: 


TC^)  TgSin*v  +  Tj,cos*v 

It  is  related  with  the  thermal  electromagnetic  field  correlation 
for  vertical  and  horizontal  polarizations  in  the  case  of  the  rough 
surface,  unlike  the  flat  surface  where  they  are  statistically 
independent.  In  C 8)  the  second  and  the  third  spectrum  components 
are  caused  by  the  fluctuation  correlation  for  vertical  and 
horizontal  polarization.  They  don't  influence  on  the  fluctuations 
for  vertical  and  horizontal  polarizations  but  they  are  substantial 
at  an  intern^iate  polarization  angle.  The  brightness  temperature 
fluctuation  spectra  for  vertical  and  horizontal  ,  polarization 
depend  on  the  inclination  angle  spectrum  at  the  sighting  plane, 
but  for  w  ^  45^  they  depend  on  the  inclination  angle  spectrum  at 
the  perpendicular  plane.  The  experimental  investigations  of  the 
rouan  sea  surface  brightness  temperature  fluctuations  at  various 
polarization  angles  verify  this  conclusion  [21. 

It  is  nec^sary  to  note  that  in  C73,C83  and  in  other 
relationships  product  by  this  method  we  haven't  specified  the 
local  emission  coefficient.  It  means,  that  J  and  J„  can  describe 

V  n 

both  the  local  fiat  surface  and  the  surface  with  the  local 
structure:  small-scale  waves,  pollutions  and  so  on. 
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Abstraot:  Problems  ol  eleotromagnetio  field  investigations  in 
an  urban  media  are  oonaldered.  The  Ponnulae  and  oaloulatlon 
algorithm  for  average  attenuation  of  the  field  ,  over  a 
smoothly  irregular  terrain  are  offered.  By  the  results  of 
numerioal  simulation  the  radiomap  of  an  urban  area  are 
constructed.  ° 


The  exploration  of  electromagnetic  fields  in  an  artificial 
media  sructiares  represents  one  of  the  vital  directions  of 
modem  electromagnetic  theory.  Among  the  latteru,  there  is  an  urban 
media,  which  differ  from  others  by  presence  of  the  hi^eat  amount 
of  inhoraogenity.  At  present,  there  are  many  different  mathematical 
models  for  it,  for  example  -  one  by  OtaMura  /I/.  But,  to  the 
author’s  mind,  the  most  fimdamental  model  Is  the  analytical  one 
/2/r  which  simulates  the  urban  media  by  th@  ®et  of  plane  opaque 
screens,  placed  casually  and  independently  ©n  the  earth’s  surface. 
Basing  on  this  insist,  the  authors  of  the  model  compute  spatial  - 
temporal  urban  field  structure  by  oaloulatlng  the  multifold  and 
multipath  statistic,  in  the  approach  of  geometric  optics.  Then,  one 
of  the  important  and  the  most  inf OKnatlonal  at  practice  values  is 
average  intensity,  for  which  the  two  asymptotical  fomulae 
faithfully  representing  its  variability  in  the  two  limited  oases 
were  obtained  /B/t 

I.When  the  fixed  station  antenna  is  above  the  average  level  of 
the  Burroiaiding  buildings  roofs! 

1  z  -  h 

.  (t) 

81  * 


2. In  the  case  of  its  disposing  below  the  lewel  specif led: 
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Here 


*•*  X*+  [2llg7(h-Ej  j,)]®  ’ 

the  average  magnitude  of  the 


luminous  refleotanoe 


correlation  funotloni  1  -  the  wavelength?  -  the  helots  of  the 
mobile  and  fixed  station  antennas  respeotlveiy;  d  -  the  distanoe 
between  them?  y  -  the  average  density  of  the  building?  h  -  the 
average  hel^t  of  the  building?  1^^-  the  vertical  oorrelation  scale 
of  the  luminous  refleotanoe. 

It  is  considered,  that  the  mobile  station  antenna  Is  disposed 
below  the  average  hei^t  of  the  building  both  in  the  first  and  the 
second  oases. 

It  is  easy  to  detect,  that  at  Eg®  h  the  equation  (1)  is  equal 
to  aero,  beoause  it  is  derived  by  using  the  onefold  scattering 
theory  approach.  It  makes  the  largest  oontributlon  for  the  forming 
of  the  field  in  the  reception  point  during  the  high  arrangement  of 
the  fixed  station  antenna,  but  tends  to  zero  when  it  lowers  to  the 
roof  level.  Vice  versa,  the  equation  (2)  is  obtained  in  the 
multifold  scattering  theory  approaoh,  whioh  begins  to  play  the 
determinant  role  as  soon  as  the  fixed  station  antenna  lowers  below 
the  roof  lewel.  faking  aooount  of  this  Blngularity,  as  a  matter  of 
following  oonvenienoe  it  would  be  advantageous  to  unite  equations 
presented,  that  forms  the  part  of  this  work. 

Is  a  result,  the  following  united  formula  is  offered: 


<I>=R.x  q  +  R  • 
1  2 


ii®(1+e^) 


3^' 


whioh  was  obtained  by  the  asymptotic  Joining  of  the  equations  (1) 


and  (2)  at  z  =  0,  Here 
2 

axrxig 

fhe  Joint  factor 


z^-h 

0 


✓5X1 


z^h 

Vh 


p-  Z,,  h. 

’  I  0  ,  h  s 


is  ohosen  on  the  base,  that  aooording  to  72/  the  multifold 
soattering  ef foots  begins  to  play  an  appreciable  role  for  the 
forming  of  field  in  the  reseptlon  point  when  z^-  h  «  %'5Ic[. 

Further,  to  oorrect  the  results  obtained,  the  aooount  of 


tnfluenoe  of  terrain  relief  Is  carried  out.  Por  these  means,  the  ' 
fair  Irregularities  of  the  earth’s  surfaoe  are  approximated  by 
spherical  obstacles  /3/  and  the  factor  of  added  dlfraotlon 
attenuation  Is  introduced: 

P=Pjj(de"^“^**'‘^o*+  (4)* 

The  latter  Is  being  constructed  by  joining  Pole’s  dlfraotlon  ' 

asymptotic  -^2  e"*"**  for  field  Intensity  over  the  horizon  above  the 
smooth  earth’s  sxirfaoe,  where  ot  -  attenuation  factor,  and  the 
function  ,  which  takes  place  for  the  field  above  the  quaslplane 
urban  area  (i.e.  ahead  to  the  horizon).  Basing  on  the  described 
above  mathematioal  model,  the  calculation  algorithm  for  the  ave3?age 
intensity  was  worked  out  and  realized  as  a  computer  program.  The 
results  of  the  numerical  simulation  wei?e  compared  with  the  set  of 
experimental  data  obtained  for  the  central  part  of  Tomsk  at  the 
frequence  410  Mhz. 

Utilization  of  the  algorithm  pointed  out  made  it  possible  to 
construct  the  radiomap  of  the  urban  area,  showed  on  fig.l.  Here  the 
results  of  numerical  caloulation  are  demonstrated  by  solid  lines; 
The  experimental  data  are  marked  by  numbers  in  the  olrcles.  Value 
of  zero  db  conforms  to  attenuation  of  the  outer  space  field  at  the 
distance  of  1  km  from  the  radiation  Bourse.  Besides,  for  example 
there  are  showed  data  for  the  two  different  radlopathes  on  fig. 2, 3. 
They  correspond  to  the  A  and  B  sections  on  fig.l.,  and  demonstrate 
the  curves  of  the  terrain  relief  profile  and  the  attenuation  values 
oaloulated.  The  experimental  data  are  denoted  by  points  with  the 
indication  of  significant  intervals. 

As  a  whole,  the  results  of  numerical  simulation  is  in.  accord 
with  the  experiment  well,  in  such  a  way  the  average  deviation  of 
the  values  computed  is  2.7  db.  It  provides  the  higher  precision  in 
comparison  with  the  known  empirical  and .  graphical  methods, 
including  ones  recommended  by  IROO. 

At  the  same  time,  the-  taking  place  deviations  say  about 
necessity  of  the  seaoh  of  ^ys  for  more  detailed  account  of 
specific  conditions.  It  seems,  that  the  account  of  field 
polarization  structure  in  urban  areas  is  one  of  the  possible  v^s 
of 'refinement  the  results  obtained.  This  statement  is  based  on  the 
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faot  that  by  nowadays  the  effeots  of  radiation  depolaid-zatlon  never 
has  been  taken  into  aooount  during  the  oomputing  of  average 
intensity.  However,  these  effects  are  present  to  a  considerable 
extent  /2/  .and  can  influence  on  the  prediction  precision  rather 
highly.  It  seems  feasible  to  take  account  of  the  effeots  by 
introduction  of  the  added  attenuation  factor,  whose  computation 


represents  the  separate  probl^i. 
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REGIONS  AT  A  PLANE  ANGULAR  SECTOR 

Filippo  CapoKnt^,  Stefano  Mac^,  Roberto  Tiberio^,  Alberto  Toccafond^ 

"^Dip.  di  Ing.  Elettr.,  Univ.  di  Firenze,  via  S.  Marta  S,  Firenze 
^Facolta’  di  Ingegneria,  Univ,  di  Siena,  via  Banchi  di  Sotto  55,  Siena 


Abstract 

A  formulation  is  introduced,  that  provides  a  uniform  description  of  the  field  scattered  from 
a  plane  angular  sector  in  the  near  zone,  when  it  is  illuminated  by  a  plane  wave.  This 
foTmvlaiion  is  hosed  on  the  plane-wave  far  field  response,  t^t  was  derived  in  a  previous 
yjQric,  The  extension  to  observation  point  localized  at  finite  distance  has  been  obtained  from 
spectral  synthesis. 


A  high-firequency  description  of  the  scattering  from  complex  structures  that  e^ibits 
surface  discontinuities  such  as  edges  and  vertices,  is  of  importance  in  a  wide  variety  of 
practical  applications.  To  this  end  ,  the  Geometrical  Theory  of  Diffraction  (GTD)  and  its 
uniform  extension  (UTD)  provided  very  effective  tools  for  most  engineering  purposes. 
Within  this  framework,  an  important  canonical  problem  is  that  of  a  comer  at  the 

interconnection  of  two  straight  edges,  joined,  by  a  plane  angular  sector. 

It  should  be  noted  that  for  most  practical  purposes,  the  need  for  a  comer 
diffraction  coefficient  in  a  UTD  scheme  mainly  arises  when  the  leading,  edge  diffracted  field 
experiences  a  discontinuity,  as  it  occurs  when  the  diffraction  point  disappears  from  an  edge 
or  changes  abruptly  its  location  from  one  edge  to  the  other. 

The  exact  solution  for  this  canonical  problem  was  obtruned  in  [1],  but  unfortunately 
is  not  well  suited  for  practical  calculations.  A  heuristic  comer  diffraction  coefficient  was 
conjectured  in  {2].  An  irnprovement  was  introduced  in  |3],  where  the  relation  integral  of 
the  currents  induced  by  a  single  diffraction  mechanism  from  one  edge,  is  extended  only  to 
the  plane  angulair  domain  delimited  by  the  other  adjacent  edge.  Although  their  solution  is 
cast  in  a  nicely  uniform  form,  no  estimate  has  been  introduced  therein  of  the  distortion  of 
the  currents  due  to  the  presence  of  the  second  edge.  A  spectral  PTD  approach  has  been 
developed  by  Ivrissimtzis  and  Marehfka  [4].  There,  a  sig.nificant  improvement  has  been 
obtained  by  introducing  secondary  non-uniform  currents;  also,  their  solution  includes  a 
uniform  formulation.  Recently,  corner  diffraction  coefficients  have  been  derived  in  the  plane 
wave-far  field  regime  by  using  the  induction  theorem  (5).  These  non-uniform  coefficients, 
that  account  for  second  order  interactions  between  the  two  edges,  exhibit  the  expected 
singularities  at  the  caustics  of  single  and  doubly  diffracted  rays. 

In  this  paper,  the  above  solution  is  used  to  weight  the  plane  waye  spectrum 
representation  of  a  source,  located  at  a  finite  distance  from  the  vertex.  Next,  via  a  suitable, 
asymptotic  evaluation  of  the  spectral  integrals,  a  high-frequency  uniform  solution  is 
obtained.  For  the  sake  of  simplicity,  the  scalar  case  ia  treated^  in  this  paper  and  the 
formulation  for  hard  boundary  conditions  is  given  explicitly  hereinafter.  The  same  basic 
procedure  can  be  extended  without  any  significant  difficulty,  to  treat  the  ihore  general 
electromagnetic  vector  problem. 

2.  Plane  wave  —  far  field  diffiraction -coefficient 

The  geometry  at  a  plruie  angular  sector  interconnecting  two  edges  is  shown  in  Fig.  1. 
Let  us  denote  by  Q  the  angle  between  the  two  edges.  For  the  sake  of  simplicity  in  the 
discussion,  let  us  suppose  that  hard  boundary  condition  are  imposed  oil  the  plane  sector.  At 
each  edge  (ji=l,2)  it  is  useful  to  define  a  local  coordinate  system  (x„,  y„,  z„)  with  its  origin 
at  the  vertex;  the  z„-axis  is  chosen  along  the  edge,  and  the  y„-axis  is  perpendicular  to 
surface;  accordingly,  a  spherical  coordinate  system  (r,  is  also  defined. 

The  far  field  that  is  scattered  by  the  hard,  plme  angular  sector,  when  it  is  illuminated  by 
a  plane  wave  propagating  in  a  direction  ^n*)»  ^  represented  as  [5] 
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D— D2i(coSp^,  cosp^  -h  COSP^)  Jl) 

In  (1),  tlie  scattered  fax  field  has  been  normalized  for  cxp(—jkr)/(4Kr),  Furthermore,  the 
two  term  Dji  and  are  obtaisied  from  analogous  diffraction  mechanisms.  In  particular, 
Djt  take  into  account  for  the  field  diffracted  first  at  the  edge  1  and  next  at  the  edge  2.  For 
the  sake  of  simplicity  only  the  term  D^j  will  be  analyzed  in  the  following.  This  term  may 
be  expressed  as  the  sum  of  two  contributions; 


^71  3  +  ^  ^  _ _  "Sj, 

^(CO30^  COSfii)  (cosfij  COSpJ  ’  ~  jf{c2l’+S  +  ^2x)^21 


(S) 

(4) 


whick  account  for  first  order  and  second  order  diffraction  mechanisms,  respectively.  In 
and(9) 


where  the  upper  (lower)  sign  apply  for  if>y<x  (>t).  It  is  worth  noting  that  Dji’  exhibit  the 
expected  singularities  at  the  first  order  diffraction  caustics.  Furthermore,  a  square- root  type 
singularity  occurs  in  Dji**  at  the  second  order  diffraction  caustics  (  d  2x=0). 


3- Gbsenration  point  at  finite  distance. 

Let  us  consider  an  observation  point  P  (xj,  y^j  Z2)  fmte  distance  from  the  tip.  A 
spectra]  representation  of  the  field  in  P  may  be  cast  in  the  form  of  superposition  of  spectral 
plane  wave.  For  representing  each  plane  wave  it  is  convenient  to  use  the  two  spectral 
cosines  directors  Uj  and  of  the  two  axis  Zj  and  Z2.  After  some  manipulations,  the  spectral 
representation  of  the  scattered  field  in  the  near  leads  to 


(S) 

;  p(^.  ^)]  (s) 

where  «,•  and  v  aie  the  cosine  directors  with  respect  to  the  axes  x,-  and  y,  respectively,  r  is 
the  finite  distance  of  the  observation  point  P  from  the  tip,  hyf-Ui,  v^j  is  the  phase  shift 
between  the  observation  point  iind  the  tip  of  each  spectreJ  plane  wave. 

It  is  easily  seen  that  the  integrand  in  (6)  contains  two  separated  poles  in  both  the  two 
variables  of  integration  due  to  the  term  These  poles  arise  from  the  first  order  caustics 
of  the  corresponding  plane-wave/far  field  representation.  Furthermore,  it  contains  the 
branch  singularity  of  the  term  J52i”  l-he  variable  U2,  which  arises  from  the  double 
diffraction  caustic. 

The  spectral  integral  repre.sentation  (6)  has  been  asymptotically  evaluated.  The 
two  contributions  that  are  associated  to  £>21’  and  haye  been  approximated  by  two 
different  asymptotic  expressions.  The  first  contribution  (containing  poles)  is  evaluated  as  in 
{3].  The  second  one  is  evaluated  by  means  of  cylindric  parabolic  functions. 

+  (9) 

where  ^  ^ 


£4 


is  the  geometrical  optics  contribution, 

is  the  first  order  UTD  diffraction  coefficient  at  the  edge; 

^2^*^  is  a  double  diffraction  contribution  from  the  second  edge; 

^21^  is  the  diffraction  tip  contribution; 

accoun^ts  for  the  presence  of  first  order  diffraction  point 
on  the  semi-infinite  edge  ; 

XP^  ^U(lC  --  (^2  -  ')  U(7C  -  accounts  for  the  presence  of  a  specular  point 

within  the  plane  angular  sector; 

—U(P^^-^-P2);  accounts  for  the  presence  of  second  order  diffraerfion  point  on 
the  second  edge. 


It  is  worth  pointing  out  that  only  a  half  of  the  total  first  order,  diffracted  field  contribution 
comes  from  ^2i>  ^1^®  remaining  part  is  obtained  from  *3)i2. 

Herein  after,  explicit  expression  is  presented  for  only  the  tip  contribution  since  the 
other  terms  are  rather  standard: 


=  ;  J..  =  ±  sin//.- 

in  which  +, -signs  apply  to  ^,<,>5r,  respectively, 

T”(x)  =r£  y/i  i(e-^^\x\) 

and  '5 

T(x,x,y.y,KHK^:^{e^e^G(Kx\KxV+e^e,G(Ky\KyV^ 


where 


in  which  e^=  sgnfz)  and  c=sgn(/J,’-n-^j).  The  transition  function  T  in  (15)  is  the  same  as 
that  defined  in  [3]  and  involves  tne  generalized  Fresnel  integral  G(a,  b).  In  (9)  md  (14)  the 
trcinsition  function  T”  (x)  involves  a  parabolic  cylindric  function  D  j  of  order  -  i 

■j  2 

5.  Numerical  results. 

The  first  and  second  order  diffraction  contributions  do  exist  whenever  the  observation 
point  lies  within  cones  0—13^  and  P~Q~03^  respectively.  These  cones  can  be  called 
first  and  second  order  shadow  boundary  cones  (SBCs).  When  the  observation  point  passes 
through  these  con^,  a  discontinuity  occur  in  the  dominant  contributions.  This 
discontinuity  is  weli^  compensated  by  the  tip  contribution  by  mean  of  the  transition 
functions  T  and  T"  involved  therein.  In  the  following  numerical  examples,  the  scattered 
field  is  observed  on  a  scan  plane,  which  is  chosen  to  intersects  SBCs.  In  all  the  curves,  the 
dashed,  dotted  and  continuous  lines  represent  the  first  order  UTD  field,  the  tip 
contribution  and  the  total  scattered  field,  respectively.  In  Fig.  1  the  amplitude  of  a  field  is 
plotted  at  distance  r=2A  from  the  tip  of  a  0=90°  plane  angular  sector.  The  scan  plane  and 
the  direction  of  the  incident  plane  wave  are  specified  in  the  inset  of  the  same  figure.  When 
the  point  of  observation  P  passes  through  this  cone,  the  UTD  diffracted  field  abruptly 
disappeap  and  the  tip  contribution  provides  the  required  continuity  of  the  total  scattered 
field.  This  demonstrates  the  effectiveness  of  the  transition  functions  T. 

Fig.  2  shows  the  scattered  field  at  a  distance  2A  (0</3i<180‘,  4i,=125*)  for  a  plane 
wave  incident  from  <t>i=  60°,  /?j’=80°  for  the  same  plane  angular  sector  (n=90’).  The 
observation  point  passes  through  both  first  and  second  order  SBCs.  In  this  both  the 
two  transition  functions  T  and  T”  intervene  when  P  approaches  first  and  second  order 
SBCs,  respectively.  Also  in  this  case,  tip  contribution  gives  the  expected  continuity  of  the 
total  field. 
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MATHEMATICAL  QUESTIONS, OF  THE  BOUNDARY  EQUATION  METHOD 

IN  THE  ELECTRODYNAMICS 

Igor  Chudinovlch 

Kharkov  State  University 
4,  Svobody  sq, ,  Kharkov,  310077,  Ukraine 


The  representation  of  solutions  of  mixed  problems  for 
Maxwell's  system  in  a  form  of  various  combinations  of  the  surface 
retarded  potentials  leads  to  the  systems  of  nonstationary  boundary 
equations.  The  results  concerning  to  the  unique  solvability  or 
these  systems  are  presented.  The  properties  of  their  solving 
operators  in  some  functional  spaces  of  Sobolev  type  are  given  too. 

INTRODUCTION  , 

For,  some  last  years  the  interest  to  the  mathematical 
questions  of  the  boundary  equation  theory  in  hyperbolic  mixed 
problems  has  been  on  increase.  These  equations  arise  after  the 
limit  transitions  of  a  point  to  the  boundary  in  the  surface 
potentials  representing  solutions  of  original  problems.  It  is  well 
known  that  the  question  of  the  solvability  of  boundary  equations 
both  in  the  elliptic  and  in  the  parabolic  cases  was  researched 
long  ago,  but  in  the  hyperbolic  case  until  very  recently  there 
were  no  results  concerning  to  the  solvability  of  corresponding 
boundary  equations.  Only  in  1986  in  the  works  By  A.  Bamberger  and 
T.  Ha  Duong  Cl, 2]  the  unique  solvability  of  two  boundary  equations 
in  two  main  mixed  problems  of  the  diffraction  of  acoustic  waves 
was  proved.  In  the  early  90-es  these  investigations  were  continued 
in  the  cycle  of  author's  works  C3  -  63  devoted  to  boundary 
equations  in  the  problems  of  the  dynamic  elasticity  theory.  This 
note  is  the  first  one  in  the  cycle  of  papers  devoted  to  the 
analogous  questions  in  the  electrodynamic  problems  for  the 
nonstationary  Maxwell's  system. 

THE  NOTATIONS  AND  THE  FORMULATION  OF  THE  PROBLEM 

Let  S  be  a  smooth  surface  dividing  (R*  into  domains  Q'*'  and  0“. 

The  electric  and  magnetic  field  vectors  in  a  point  x  e  0?*  at  the 
moment  t  e  IR^  =  C0,oo)  are  denoted  by  ECX)  and  HCXD  respectively 

where  X  =  Cx,tD.  In  the  absence  of  the  conduction  current  and 

free  charges  these  vector  fields  either  in  G'*’  =  0'*'  x  (R^ 

or  G~  =  Q“  X  satisfy  the  Maxwell's  system 

.  ca^  ECX)  -  rotHCX)  =  0  divECX)  =  0 

pa^HCX)  +  rotECX)  =  0  divHCX)  =0 

The  initial  conditions  are  supposed  to  be  homogeneous 
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ECx,+0)  =  HCx,+OD  =  0,  xe  Q- 

The  boundary  conditions  have  a  form 

E-CX)  vCxy  =  FCX),  CH-CX3.vCxD)  =  gCX),  X  e  if  =  S  x 

where  vCx)  is  an  outward  unit  normal  vector  to  S  at  a  point  x  e  S, 
the  symbols  ^  and  denote  the  vector  and  the  scalar  products 

in  IR*  respectively,  the  superscripts  "i"  denote  the  limit  values 

of  corresponding  functions  when  their  argument  X  tends  to  2'*’  from 

within  G"  respectively.  Excluding  magnetic  field  we  reduce  this 
problem  to  the  problem 

dfECX) >  a*AECX)  =  0,  X  €  G", 

ECx,+0}  =  C5^E)Cx,+0}  =  0.  X  €  fl-, 

E-CX)  ^  vCx)  =  FCX),  (divE)-CX)  =  0,  X  €  If . 

where  a*  =  We  consider  even  more  general  problem  with  the 

non-homogeneous  boundary  condition 

CdiYE)-CX)  =  fCX),  X  €  2f 

Let  us  call  this  problem  the  dynamic  electric  problem. 

THE  RETARDED  POTEmALS 

Let  ?CX)  be  the  fundamental  solution  of  the  three-dimensional 
wave  equation 

§CX)  =  Carra)"^0Ct)(5Ca®t*-jx|*} 

where  S  is  the  characteristic  function  of  d  is  the  Dirac's 
function.  The  retarded  single-  and  double-layer  potentials  with 
three-component  densities  d  and  j3  =  C|3^,j3y)  defined  on  2'^  are 
introduced  by  formulas 

CVd)CX)  =  i  .  KX  -  Y)  dCY)ds^, 

(W/3)CX)  =  /  ^  ,  e.<Crot^§.CX  -  Y)  a  ^Cy).  p.CY))  + 

^  +  diVyf^CX  -  Y)  (3^CY)>  dSy 
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where  e  Is  the  J-th  unit  coordinate  vector,  S^CX)  =  §CX)e^,  (3^ 
and  (3  are  the  tangential  and  the  normal  to  S  components  of  p. 

Representing  solution  of  the  dynamic  electric  problem  in  a 

form 

ECX)  =  CVdlCX),  X  6  G“ 

and  taking  into  account  the  boundary  conditions  one  gets  the 
system  of  boundary  equations  which  is  denoted  by 

oJa  =  {F.f>. 

The  representation 

ECXD  =  (Vd^)CX)  +  CW/3yKX).  X  €  G- 
in  which  ot^  abd  (3^  are  the  tangential  and  the  normal  to  S  vector 
fields  respectively  leads  to  the  system 

=  <F.f>. 

The  representation  . 

ECX)=CW|3^)CX)+CVd^}CX),  X€G- 
with  the  tangential  density  /3^  and  the  normal  density  leads  to 
the  system 

Q5„<(3^,aj,>  =  <F.f>. 

Lastly,  representing  solution  in  a  form  , 

ECX)  =  CWf3)CX),  X  e  G“ 
one  gets  the  system  denoting  by 

Qg(5  = 

Our  aim  is  to  research  the  solvability  of  these  systems. 


THE  FllWaiONAL  SPACES 


For  any  m  €  R,  z  >  0  let  us  introduce  the  standard  Sobolev 
space  H  CIT'')  consisting  of  three-component  vector  functions 
defined  ori  S  =  S  x  R  which  vanish  when  t  <  0  .  whose  m-th 
(fractional)  derivatives  are  square  suramable  on  2^  with  the  weight 
expC-2zt).  For  any  m,k  €  R  are  the  spaces  consisting 


of  vector  functions  UCX)  vanishing  when  t  <  0  and  such  that 
Ca^UKX)  6  and  are 


the  subspaces  in  which  consist  of  tangential  and 

normal  to  S  vector  fields  respectively. 
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TIE  FORHULATIOM  OF  THE  MAIN  RESULT 

following  statement  answers  the  question  of  the  unique 
solvability  of  the  presented  above  systems  of  boundary  equations. 

THEOREM.  The  solving  operators  rJ  =  R*  =  CQ* 

^v  “  ~  *  of  four  systems  of  boundary  equations 

perform  the  maps 


r;-j /2,k-i,z 


CE*), 


X  fir;.XaJc^£S*^ 

nd^ich  are  continuous  for  any  k  €  IR,  z  >  0. 
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THEC®y  OF  THE  IfiTEGRAL  _EaUATIO»i  OF  TIES  IS-1PEDAIICE  DIP<aJE’ 
Danilchuk  V.L.,  Plotnikov  V.N. ,  Radtsig  J.J.,  Eoinov  S.l. 

The  Kovgorod  state  university,  ^kJvgcH'od. 

The  ieipedance  dipole  was  studied  in  nur.&rous  works  of 
native  and  forcing  investigations.  But  it  is  prcAjleai  of  today 
of  making  of  the  effective  methods  of  the  calculaticm.  The 
qualitative  analysis  of  the  integral  equation  is  cited  in  this 
work.  The  effective  program  of  the  soluticw*  of  the  integral 
equation  is  built  on  it*s  basis. 

The  initial  equation  of  the  ir^iedance  dipole  has  vi^t 

EztJz)  +Ej  =  Z  Jz  ,  <i> 

where  Z  is  the  surface  impedance;  is  the  density  of 

current.  Current  is  directed  on  the  surfaces  of  the  dipole  by 

the  primary  field  ®y  results  of  the  wcwks  £1,2,31  the 

equation  XI)  may  be  written  in  views 

'  ■  -1 

X(AI)(r)  +  -  (ZlXr)  +  (KlXr)  = 

2ira 

<■ 

1  0  f  ^  ^  * 

=:  \  - - -  I  lit)  —  In - dt  +  - - Z  I<t)  + 

n  0T  J  dt  |  2jra 

•k  j  K(T,t)  I<t)  dt  =  ecT)  <2) 

where  2/,  a  —  is  length  and  radius  of  dipole.  Ke'll  consider 

the  equation  (2)  in  the  power  space  of  the  sy^aetrical, 

positive  definite  operators 
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1 

'  ( 

r .  » 

— 

— 

I(t)  — 

•r 

9T  j 

'  - 

Theorefli  1-  The  operator  of  tipi icaticsa  on  the  function 
Z  aund  integral  cper at c»r  J  are  operatc^s  of  Yilbert-HBhaidt  in 
the  space 

the  idea  of  the  proof.  The  orthoncw-aalize  basis  in  has 

VleMS 

jCi^Cr)  =  sinCn  arccosCT>J,  n=l,2,...  C4> 

the  integral  cjperator  K  has  logarithraic  peculiarity  in  the 
kernel.  Asysiptotic  of  the  eatrix  elements  of  the  operator  X  if* 
basis  ff,  l'n-4  is  found  on  this  basis.  The  asymptotic  of  the 

•atrix  eleeents  of  the  operator  of  the  multiplication  on  Z*  if 
Z  is  piece-smooth  is  found  also.  It  follows  from  this  theorea 
that  equation  (2)  is  the  equation  of  Fredholm  of  th  second 
kind  in  the  space  Ha-  The  alternative  of  Fredhola  is  applied 
to  this  equation.  Alternatives  The  equation  has  only  one 
solution  or  thr  uniform  equation  has  unzerb  solution. 

Theorem  2.  If  Re(Z)  ^  O  the  unifora  equation 

corresponding  C2)  has  cjnly  zero  solution. 

The  idea  of  the  proof.  If  we'll  submit  the  integral 
operator  (2>  in  view  of  the  Furje's  integrals  then  the 
spectrum  density  has  the  positive  real  part.  On  this  basis  the 
assertion  of  the  theorem  2  is  proved  easy.  Then  we'll  expand 

the  unknown  current  on  the  basis 

.  :  ■  ^  +oe  ■  '  ' 

I(r)  f5> 
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and  going  to  the  Infinite  systea  of  Fredhola  of  second  kind 


■raa 

;  ♦  Vm  C  -  I  ,  1 

i  j  t 


S  i  <  -fro*  ^ 


Por  the  constant  iapedance  the  asymptotic  €jf  the  aatrix 
elements  found  and  the  theorem  3  is  proved. 

Theorem  3.  If  the  right  part  of  the  integral  equation  is 
the  smooth  and  differentiating  by  several  tinies  then  the 
following  estimation  is  correct  for  the  coefficient  of  the 


systefli  (6>s 


const 

|CJ  ^  — T- 


There  are  two  important  conclusions  from  the  theorem  3. 
At  first,  we  can  submit  the  function  of  current  in  view 

I(T)  =  p(T)  f  <T)  , 

where  ft T)  is  smooth-  At  second,  the  solution  of  the  integral 

of  the  integral  equation  is  classic,  it  has  to  region  of  the 

definition  of  the  unlimited  cperator  A-  Moveover,  we  can 

define  the  rate  of  the  tallieing  of  the  approximate  solution 

C  ,  founding  from  the  solution  of  the  truncated  system  of 

order  N  x  N,  to  precision*  And  the  estimation  is  corrects 

corist 

Mhere  C  =  |-  C.  **  the  solution  of  the  infinite  system 

<6).  The  constants  in  <7)  and  (8)  is  big  values  and  the  method 
of  ealer kin  is  uneffect ivB  when  exciting  of  dipole  by  the 
concentrated  sources.  The  nuiscral  analytical  method  of  the 
solution  of  the  infinite  system  (6)  is  offered  for  this  case. 
This  method  consists  in  the  following*  the  first  N  of  the 
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unknown  values  are  found  froa  the  solutirai  of  the  truncated 
systees 

c.  +  c.  *  f,  ,  1  <  .  <  N  /  f9) 

and  other  unknotm  values  are  found  by  analytical  methods 

C.  =  f  K  +cc,  (10> 

In  this  a»ethod  the  kernel  of  the  integral  equaticm  is  changed 
on  the  approximate  but  right  part  is  set  precisely. 

It  follows  fro®  the  calculations  that  the  numeral  - 
analitical  method  has  high  effectiveness.  The  series  of  the 
calculations  of  the  impedance  dipole  were  carried  cjut  on  the 
basis  of  this  method  for  the  constant  ii^edance  (distributed 
i aped ance)  and  for  the  piece— constant  i^edance.  In  the  last 
case  the  space  impedance  models  the  Toads.  By  the  calculation^ 
the  available  of  the  capacitive  and  inductive  loads  permits  to 
synthesize  antenna  with  better  characteristics  as  by  the 
criterion  of  the  co-cordi nation  as  by  the  coefficient  of  the 
illi'ective  action,  with  better  weight— gabar it  parameters. 
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ABSTRACT 

The  technique  of  the  partial  inversion  of  the  principal  part  of  the  mode- 
matching  method's  integral  operator  was  developed  and  substantiated.  An  application 
of  this  method,  named  the  method  of  partial  overlapping  regions,  to  solving  a  number 
of  the  waveguide  discontinuity  problems  is  discussed-  It's  basic  advantages  over  other 
methods  are  illustrated. 

INTRODUCTION 

Recent  advances  in  microwave  technology,  such  as  the  use  of  the  milliinetre- 
wave  spectrum,  lead  to  the  increasing  complexity  of  the  electromagnetic  structures 
employed.  An  accurate  numerical  tools  are  necessary  for  the  design  of  electrodynamics 
systems.  For  the  above  reasons,  highly  sophisticated  numerical  techniques  are  required 
for  computer-aided  design- 

The  practically  important  problems  requires  construction  of  mathematical 
models  for  multiprarametric  analysis  and  computer  optimization.  Consequently  they 
must  be  as  efficient  as  possible  from  the  point  of  accuracy  and  stability  of  numeri<^ 
calculations.  These  models  may  be  obtained  by  different  methods  of  regularizing  initial 
integral  equations. 

It  is  well  known,  that  noode-matching  technique  usually  leads  to  the 
convolution-type  matrix  operator.  However,  the  condition  of  field  continuity  on  a  part 
of  region's  boundary  allowes  to  obtain  sufficiently  universal  integral  equations  (IE) 
taking  into  account  further  transformations.  In  general  case  the  kemd  of  IE  contains 
one  "moving"  and  two  "moveless"  singularities.  When  there  is  a  "moveless"  singularity 
with  a  certain  weight  in  connection  with  a  "moving"  singularity,  it  is  rarely  possible  to 
invert  the  principal  part  of  the  integral  operator  completely. 

For  the  last  instance  the  technique  of  the  partial  inversion  of  the  principal  part 
of  the  mode-matching  method's  integral  operator  was  developed  and  substantiated. 
The  operator  of  this  method  contains  the  "moveless"  singularities  on  the  edges  of  a 
boundary  surface  only.  Thus,  a  resulting  matrix  operator  consists  of  an  idem-factor 
and  a  ©-complete  continuous  operator  in  a  suitable  pair  of  spaces.  On  the  basis  of 
analytical  Fredholm  alternative  theorem  existence  of  boimded  inverse  operator  and 
application  of  the  reduction  method  for  solving  the  matrix  equation  are  proved. 

Acceding  to  this  method,  named  the  method  of  partial  overlapping  regions  (1],  a 
whole  complex  domain  of  field  determination  is  divided  into  a  number  of  overlappmg 
regions.  An  integral  equation  to  solve  for  one  of  the  electromagnetic  field  vectors  is 
formulated  for  each  of  overlappmg  regions  using  the  integral  theorems  of  the 
diffration  theory  {2J.  The  field  continuity  on  a  common  part  of  the  overlapping  regions 
leads  to  the  sj'stem  of  interconnected  integral  ^uations.  The  last  one  is  converted  into 
an  infinite  matrix  equation  of  the  second  kind,  which  permits  efficient  solving  by  a 
computer. 

THEORY 

To  compare  the  methods  let  us  consider  the  problem  of  diffraction  of  LE-raodes 
on  the  step  discontinuity  in  the  parallel-plane  waveguide.  Matching  the 
electromagnetic  fields  at  the  aperture  yields  the  integral  equation  of  first,  kind 
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.  ]fe(x,o})c',o)  ♦Gi(x,oIx;o)]U(x')dx'  =  (1) 

« 

where  Uiac{x)  represents  an  incident  wave,  <l-is  a  relative  aperture  si2e  and  Gi{x,y| 
x*,y*)  -  is  the  Green’s  lunction  for  the  i-th  waveguide.  For  the  moment  method  the 
unknowii  function  U(x)  can  be  given  as  the  series  of  a  complete  orthonorraal  system  of 
the  transverse  eigenfunctions  that  permits  to  invert  the  Gl(x,o]x’,0).  Thus  we  obtain  a 
matrix  equation 

(I  +  D<) A  =  ,  (2) 

where  the  elements  of  matrix  operator  Dl  have  the  following  assimptotic  behaviour 
for  p,q»l  y 

^  ^^a(P~S-)r  n  (3) 

(hpq-is  the  some  combination  of  trigonometrical  functions). 

The  (2)  is  the  convolution-type  equation  and  this  fact  is  the  consequence  of  the 
scalar  product  of  two  waveguides  eigenfunctions  properties.  Presence  of  idem-factor  in 
(2)  does  not  mean  from  point  of  funetjoaal  analysis  because  the  unboundness  of 
inverse  operator  in  a  pam  of  spaces  is  fully  determined  by  the  sLnguLarite  of 

matrix  Du  However  it  is  principal  according  to  the  numerical  calculation.  By  the 
reducing  of  matrix  Dl  we  obtain  invertible  operator  as  the  sum  of  idem-factor  and 
compact  operator.  Therefor,  the  reducing  of  matrix  leads  to  the  self-regularization  of 
the  operator,  and  initial  singular  convolution-type  operator  is  approached  by  the  set  of 
Hilbert-Schmidt-type  operators.  It  is  well-known  from  a  number  of  applications  of  the 
mode-matching  method  that  the  obtained  numerical  results  place  near  to  the  accurate 
values.  But  there  is  no  rigorous  mathematical  proof  of  these  numerical  results 
convergence  to  correct  values.  Therefore,  this  method  attributes  to  heuristics. 

Method  of  partial  overlapping  regions  possessing  the  calculation  simplicity 
permits  to  create  a  correct  mathematical  model  Using  of  this  method  is  equivalent  to 
rearrange  of  the  equation  (1)  to  the  form 


j[  ^(x.ol  )C,0)>-  (Kx.x*)]  U(x')c/x'  =  i  Ui^(x) . 


where  the  kernel 


-  z  t  Gj(x,o  I  x;o)  -  (x,o  I  x;  0)] 


obtains  a  single  logarithm  singularity  in  the  point  x=x'=c.  Inverting  of  the  kernel 
Gi{x,0 1  x',0)  leads  to  the  matrix  equation  of  the  form 


where  the  elements  of  matrix  operator  D2  have  the  following  estimate 

S  4  mt+p  ‘  r  i=o.. 
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On  the  >»*<«  of  results  [3]  it  is  jnoved  that  D2  is  a  «»>eomplete  continuous  operator  in  a 
pair  of  spaces 

ELECTRODYNAMIG  MODELS  AND  NUMERICAL  RESULTS 
An  application  of  the  method  of  partial,  overlapping  regions  to  the  waveguide 
discontinuity  problems  is  discussed  to  illustrate  its  basic  advantages  over  other 
methods. 

The  problem  of  electromagnetic  field  diffraction  in  the  H-plane  modified  power 
divider  is  solved.  The  used  method  permits  to  take  into  account  a  finite  wall  thickness 
between  waveguides.  The  results  of  computer  calculation  of  the  junction  parameters  as 
a  function  of  the  coupling  region  length  -  J,  thickness  of  the  common  wall  -  d  and  the 
wavelength  in  a  waveguide  -  X  are  shown  in  Fig,  L 


Fig.  L  Standing-wave  ratio  of  the  modified  power 
divider  with  I  and  d  as  parameters. 


It' is  seen  from  Rg.  1  that  the  operation  frequency  band  of  the  power  divider  is 
extended  when  the  coupling  region  length  turns  out  near  1=1,2  of  waveguide  width.  In 
this  case  a  propagating  Hso  wave  exists  in  the  coupling  region  of  junctioa  Hence,  Hso 
wave  may  be  used  for  extending  the  operation  frequency  band  of  the  power  divider. 
Physical  processes  of  wave  interaction  in  the  coupling  region  of  junction  are  studied, 

The  calculation  of  double-plane  steps  in  the  rectangular  waveguide  is 
performed.  To  solve  the  problem  the  numerical-analytical  algorithm  is  developed  based 
on  the  rigorous  formulation  of  Huygens  principle  in  form  of  integral  theorems  of 
three-dimensional  diffractiom  According  to  this  theorem  the  electrical  fidd  vectors  for 
each  of  overlapping  regions  may  be  written  as  follows  [2| 

=  (8) 

where  Emc{r)  -is  an  incident  field  of  TElO  -mode  and  G(f,r’)  -is  a  dyadic  Greens 
function  of  the  electrical  type  of  second  kind  for  the  re^ngular  waveguide,  that 
satisfy  the  ten^r  equation 
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and  boundary  conditions 

tn-G(f,r')  -0, 


r,f'€  5. 


The  field  continuity  on  a  coromon  part  of  the  overlapping  regions  leads  to  the  system 
of  interconnected  integral  equations.  The  last  one  is  converted  into  the  matrix  equation 
of  the  second  kind. 

Numerical  convergence  is  confirmed  by  comparison  with  experimental  data. 
Transmission  and  rellaction  coefficients  behaviour  over  the  frequency  range  is 
presoated  for  verious  electrical  dimensions  of  the  waveguides. 

The  modified  waveguide  double  bridge  is  investigated  with  the  above  method. 
The  scattering  matrix  elements  of  junction  are  obtained.  It's  behaviour  over  the 


2.  Standing-wave  ratio  of  the  double  bridge  as  a  function 
of  frequency  and  it's  geometrical  dimensions. 


frequency  range  is  studed  in  order  to  extend  the  operation  frequency  band.  Fig.2 
demons^tes  a  number  of  obtained  numerical  results.  It  is  shown  that  SWR  in  the  H- 
port  of  jimction  is  a  function  of  frequency  and  geometrical  dimensions.  Comparison  of 
the  numerical  resxilts  obtained  from  the  analysis  and  published  data  shows  good 
agreement 

CONCLUSIONS 

Thus,  ttie  method  of  partial  overlapping  regfions  possesses  a  number  of  advantage 
over  other  methods  namely:  the  universality,  the  simplicity  of  realization,  the 
mathematical  correctness.  It  permits  to  solve  a  wide  class  of  the  internal  and  external 
electrodynamics  problems. 

REFERENCES 

(Ij  L  Prokhoda,  V.  Chumachenko:  ""The  method  of  partial  overlapping  regions  to 
investigation  of  the  complicated  forin  waveguide-resonator  systems”,  Izv.  Vuzov 
Hadiophysics,  (1973)  V.  16,  10,  pp.  1578-1581  (in  Russian). 

(2)  I  ^okhoda,  S.  Dmitryiik,  V.  Morozov;  "Tensor  Green's  functions  and  their 
applications  in  the  electrodynamics",  (DSU,  Dniepropetrovsk,  1985,  in  Russian^ 

(3)  L  Petrusenko,  A.  Yakovlev:  "About  complete  continuity  of  some  operators  of 
the  method  of  partial  overlapping  regions",  in  "Differential  equations  and  its 
applications  in  physics",  DSU,  1991,  pp.  55-60  (in  Russian). 


78 
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Abstract  . 

Some  results  of  the  investigation  of  the  pulsed  electric  dipole  (PED) 
field  scattered  by  the  perfectly  conducting  prolate  spheroid  are  presented. 
The  excitation  by  sources  with  various  time  dependence  of  dipole  moment  is  . 
concidered.  The  bistatic  responses  of  spheroid  in  far  zone  and  space-time 
distribution  of  the  induced  surface  currents  are  investigated.  The  analysis 
of  the  physics  of  the  transition  processes  is  carried  out. 

1.  Problem  statement  and  solution  method 

Let  us  consider  the  PED  field  scattering  from  perfectly  conducting  pro-  _ 
late  spheroid  with  semimajor  axis  C  =  0.50  and  semiminor  axis  A  =  0.25  in  a 
case  when  exciting  dipole  is  locate  on  the  axis  of  revolution  on  the  distan¬ 
ce  d  =  0.20  from  the  surface  of  the  object.  The  dipole  moment  is  polarized - 
along  the  axis  of  revolution.  The  geometry  of  the  problem  is  shown  in  Fig.l. 

The  problem  is  solved  by  using  Fourier  synthesis  technique  [i] .  The 
frequency  domain  solutions  are  calculated  by  the  auxiliary  sources  method' 
(ASM)  [2]  and  there  is  close  relationship  with  the  Yasuura  method  (mode-mat¬ 
ching  method)  [3] .  The  basic  idea  of  the  ASM  is  the  scattered  field  approxi¬ 
mation  as  a  superposition  of  the  fields  radiated  by  finite  number  of  the  au¬ 
xiliary  sources  (AS)  located  inside  the  scatterer  and  constructed  on  a  base 
of  fundamental  solutions  of  Helmholtz  equation.  For  the  purpose  of  increa¬ 
sing  of  the  accuracy  of  the  boundary  problem  solution  and  CPU  time  minimiza¬ 
tion  the  AS  are  located  in  the  singularities  regions  of  the  fields  extended 
inside  the  scatterer  [3] .  For  solving  of  this  concrete  problem  the  effective - 
modification  of  ASM  based  on  the  axial  symmetry  [4]  is  used.  Followed  from 
the  symmetry  of  the  problem  and  from  excitation  mode  we  use  vertical  elctric 
dipoles  as  an  auxiliary  sources  and  locate  them  on  the  axis  of  revolution.  - 
There  are  two  singularities  region  in  this  case;  point  of  electrostatic  ima¬ 
ge  of  exciting  dipole  and  segment  between  focal  points  and  the  AS  was  loca¬ 
ted  exactly  in  these  two  regions.  Un)cnown  coefficients  of  scattered  field 
was  determined  from  boundary  conditions  by  collocations  method  as  the  solu- 
'  tion  of  linear  algebraic  equations  system  with  N*M  matrix  [4]  where  M  =  N/2  . 
"M"  is  number  of  AS  and  "N"  is  number  of  collocation  points. 

The  frequency  characteristic  of  spheroid  was  calculated  over  the  inter¬ 
val  p.l  <  kL  i  40.0  with  increment  kL  =  0.1  (L  ==  2C  and  "k"  is  the  wave - 
number  in  free  space) .  Normalized  residual  of  boundary  condition  over  consi¬ 
dered  frequency  interval  is  less  then  0.001  .  In  all  figures  real  parts  of 
currents  and  scattered  fields  are  plotted. 


2.  Excitation  by  PED  with  non-modulated  Gaussian  moment 

Let  us  consider  that  the  exciting  dipole  moment  p(t)  has  non-modula- . 
ted  Gaussian  envelope  with  cT^  «  1.0  duration  (we  use  ct  units,  “c"  is  light 
velocity): 

p(t)  -  a  l/yfr  expl-a*  (ct)  *1 , 

•or*  is  parameter  of  Gaussian  pulse. 

r  ' 
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(1) 


Here  we  analyse  induced  surface  currents.  From  geometry  of  the  problem 
follows  that  for  any  AS  with  radius -vector  r'  and  any  surface  point  with  ? 
expression  j?  -  r' |  <  cT^  is  correct.  At  the  same  time  for  large  part  of  the 
spheroid  with  the  mean  dimension  L'  *  L  -  d  (from  top  pole)  L‘  <  cTo  is 
correct.  From  this  expressions  and  in  correspondence  with  the  mechanism  of 
FED  radiation  [5]  follows  that  surface  large  part  located  in  "induction  zo¬ 
ne"  in  relation  to  both  of  AS  and  exciting  dipole.  Therefore  induced  surface 
current  j  consists  of  two  terms:  first  term  is  proportional  to  dipole  moment 
first  time  derivative  (dominating  term)  and  the  second  one  -  to  second  time 
derivative.  Currents  against  time  j  «  j (t)  in  surface  different  points  are 
shown  in  Fig. 2.  Currents  on  poles  are  equal  to  zero.  In  the  vicinity  of  top 
pole  (e  -  0.30*)  one  can  observ  two  different  components  of  current:  pulse 
directly  induced  by  the  incident  field  -  fundamental  pulse  (FP)  and  pulse 
reflected  by  bottom  pole  of  spheroid  -  reflected  pulse  (RP) .  Duration  of  FP 
component  is  equal  to  cT^  and  duration  of  RP  is  slightly  large  as  cT*»  since 
travelling  pulse  interferes  with  incident  field.  Time  delay  between  FP  and 
RP  ct  -  2.49  is  in  good  agreement  with  corresponding  quantity  in  geometrical 
optics  (GO)  approximation  ct  *  2.50  .  In  the  vicinity  of  bottom  pole  (0  = 
177,37®)  one  can  observ  FP  component  and  component  reflected  by  top  pole. 
During  increasing  the  angle  6  one  can  observ  following  effects : 

1)  time  delay  between  FP  and  RP  is  decrising, 

2)  "retarding"  of  FP  component  in  the  point  of  observation, 

3)  increasing  of  RP  amplitude;  it  can  be  explaned  by  decrising  of  part  of 
spheroid  generant  traveled  by  RP. 

Let  us  analyse  currents  distribution  on  the  surface  of  the  scatterer. 
Currents  pattern  j  *  j (6)  at  time  fixed  moments  is  shown  in  Fig, 3.  At  time 
moment  t  =0.38  a  peak  of  j (0)  arises  in  point  with  0  =5.5®.  After  this 
current  pulse  follows  incident  field.  Later  one  can  observ  positive  over¬ 
shoot  mooving  after  dominate  negative  peak.  This  overshoot  can  be  explaned 
by  "removing"  electrons  in  the  incident  field  propagation  direction  that  ca¬ 
uses  positive  charge  region  advent ion.  Current  reaches  maximum  at  t  =  0.6 
that  is  slightly  later  then  peak  of  incident  pulse  reaches  this  point .  Peak 
of  current  reaches  bottom  pole  at  t  =1.9  and  incident  field  peak  -  at 
t  *  1.5.  This  time  delay  can  be  explained  by  fact  that  incident  pulse  moves 
along  axis  of  revolution  and  current  pulse  moves  along  the  generant  which  is 
longer  then  L.  After  this  one  can  observ  reflection  of  negative  peak  from 
bottom  pole  and  current  begin  propagate  to  the  opposite  direction  (i.e.  to 
the  top  pole)  . 

Here  we  Investigate  bistatic  responses  of  the  spheroid  in  far  zone.  The 
scattered  field  patterns  against  time  at  different  angles  of  observation  0  = 
30®,  90®  and  150*  are  shown  in  Fig. 4^  Let  us  consider  response  at  0  =30®. 
This  response  consists  of  two  terms:  specularly  reflected  (SR)  pulse  which 
is  proportional  to  dp(t)/dt  and  creeping  wave  (GW) ,  proportional  to 
d^p (t) /dt* .  The  SR  duration  is  equal  to  cT^  and  CW  duration  is  slightly 
longer  then  cT^ .  Time  delay  between  SR  and  CW  t  =2.1  and  this  is  in  good 
agreement  with  corresponding  quantity  in  GO  approximation  when  angle  of  ob¬ 
servation  Is  taking  into  account.  Note  that  calculations  was  carried  out 
with  creeping  wave  precise  velocity  which  is  differs  from  light  velocity  [6] . 
Small  spike  of  scattered  field  at  later  time  (specifically  at  large  0)  can 
be  explaned  by  field  radiation  of  current  reflected  from  top  pole. 

During  increasing  the  angle  of  observation  6  one  can  observ  following 
effects: 

1)  smooth  transition  from  the  sum  of  two  above  mentioned  terms  to  the 
pulse  proportional  to  d*p(t)/dt*, 

2)  time  delay  decreasing, 

3)  scattered  field  "retarding"  in  the  point  of  observation, 

4)  increasing  of  the  response  amplitude. 
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3,  Excitation  by  FED  with  modulated  Gaussian  moment 

Let  us  consider  that  the  exciting  dipole  moment  has  modulated  Gaussian 
envelope  with  cT^  -  1.0  duration  and  modulation  frequency  corresponding 

to  *  20. Os  »  *  to\ 

p(t)  «  Of  l/Vi  expt-Qf’ (Ct)  »1  exp(-i<*\«/;) 

Here  we  describe  briefly  some  results  of  this  case. 

Surface  current  patterns  against  time  j  «  j (t)  in  the  polar  regions  o 
spheroid  are  shown  in  Fig. 5.  In  top  pole  region  current  consists  two 
terms:  fundamental  pulse  (FP)  and  pulse  reflected  by  bottom  pole  of  spheroid 
-  reflected  pulse  (RP) ,  Duration  of  FP  component  is  equal  to  cT^ .  Time  delay 
between  FP  and  RP  is  t  «  2.46  that  is  in  good  agreement  with  GO  approxima¬ 
tion.  Delay  between  time  of  current  pulses  arising  in  points  with  0.38 

and  *6  *  177.37®  is  equal  to  1.1  that  is  practically  coincides  in  time  with 
incident  pulse  leading  edge  propagates  from  top  pole  to  the  bottom  one  along 
the  axis  of  revolution.  In  a  point  with  8  -  177.37®  both  of  this  terms  cotrp- 
letely  superimposed  and  RP  is  inverted  in  relation  to  FP.  The  rest  of  ef¬ 
fects  arising  during  increasing  of  angle  of  observation  are  similar  to  above 
men-tioned  .effects  in  a  case  of  PED  moment  given  by  (1).  ^ 

Far  field  response  at  0  «  30®  is  shown  in  Pig. 6.  This  response  consists 
of  SR  and  GW  terms.  Duration  of  SR  is  equal  to  cT<, .  Time  delay  between  SR 
and  CW  is  equal  to  2.07  (again  we  have  good  agreement  with  GO  approximation) 
Small  spike  of  scattered  field  at  later  time  can  be  explaned  by  radiation  of 
current  reflected  from  top  pole.  The  effects  arising  during  increasing  of  6 
are  similar  to  above  mentioned  effects  in  a  case  of  PED  moment  given  by  (1) . 


Conclusion 

Let  us  briefly  summarize  presented  results.  Relation  between  scatterers 
geometry  and  dimensions  from  one  side  and  time  delay  between  SR  and  CW  from 
another  side  is  shown.  Mechanism  of  arising  and  distribution  of  induced  cur¬ 
rents  and  charges  is  analysed.  The  exciting  dipole  moment  envelope  effect  on 
surface  current  and  scattered  field  is  also  investigated.  All  above  mentio¬ 
ned  effects  are  in  good  agreement  with  corresponding  results  of  GO  approxi¬ 
mation,  when  angle  of  observation  and  CW  precise  velocity  are  taken  into  ac¬ 
count.  . 

Presented  results  demonstrated  efficiency  of  the  auxiliary  sources  me¬ 
thod  application  in  combination  with  Fourier  synthesis  technique  for  bodies 
of  revolution. 
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ABSTRACT 

Some  results  of  the  investigation  of  both  lossless  and  lossy  prolate  dielectric 
spheroids  transient  responses  for  different  angles  of  observation  in  a  case  of 
excitation  by  pointwise  vertical  pulsed  electric  dipole  are  presented.  Above  mentioned 
scatterers  bista.tic  transient  responses  are  calculated  by  using  Fourier  synthesis 
technique.  Scatterer's  oscillations  eigenfrequencies  are  determined  numerically  and 
relation  between  transient  response  structure  and  eigenfields  radiation  is  shown. 


1 .  INTRODUCTION  ^ 

One  of  the  most  actual  problems  arising  in  various  applications  of  transient 
electromagnetic  fields  [l]  is  a  three-dimensional  perfectly  conducting  and  dielectric 
scatterers  geometry  and  material  determination.  Accurate  results  for  these  problems 
are  significant  in  microwave  remote  sensing  and*  high  resolution  radar  [2].  Most 
successfully  this  problem  can  be  solved  by  the  investigation  of  scatterers  bistatlc 
transient  responses  (TR) .  Specific  resonance  effects  arising  in  the  case  of  dielectric 
scatterers  requires  detail  investigations  of  their  frequency  responses  (FR) . 

For  solving  the  above  mentioned  problems  for  dielectric  objects  the  frequency 
approach  is  more  preferable  because  it  allows  one  to  investigate  both  TR,  FR  and 
scattered  fields  In  a  case  of  monochromatic  excitation  simultaneously. 

One  of  the  most  serious  problems  arising  in  frequency  approach  is  frequency 
domain  solution  method  choosing.  This  method  must  be  flexible  and  it  must  allows  one 
to  minimize  required  CPU  time.  The  frequency  domain  solutions  are  obtained  by  the 
Auxiliary  Sources  Method  (ASM)  (3,  4].  The  ASM  .is  one  of  the  multiple  expansion 
methods  [5]  and  it  is  powerful  and  reliable  numerical  method  for  solving  acoustic  and 
electromagnetic  boundary  value  problems,  ,  . 

Data  transforming  from  the  frequency  domain  into  the  time  domain  was  carried 
out  by  Fourier  synthesis  technique  (61. 

2.  PROBLEM  STATEMENT  AND  SOLUTION  METHOD  ' 

Let  US  consider  the  pulsed  electric  dipole  (PED)  field  scattering  by  the 
dielectric  prolate  spheroid  in  a  case  when  exciting  dipole  is  locate  ov  the  axis  of 
revolution.  The  dipole  moment  is. polarized  along  the  axis  of  revolution.  ProbIem*s 
geometry  is  shown  in  Fig.l. 

It  was  already  mentioned  that  the  freq:uency  domain  solutions  was  obtair.ed  by  the 
ASM.  The  basic  Idea  of  this  method  is  the  scattered  field  representation  as  a 
superposition  of  fields  radiated  by  finite  number  of  the  Auxiliary  Sources  (AS) 
located  inside  the  scatterer  and  constructed  on  a  base  of  Helmholtz  equation 
fundamental  solutions. 

For  solving  of  considered  axial  symmetric  problems  the  effective  modification 
of  ASM  based  on  the  axial  symmetry  is  used  [7).  Following  from  the  problem  symmetry 
and  from  incident  field  polarization  one  can  locate  AS  on  the  axis  of  revolution  and 
polarize. them  along  exciting  dipole.  From  symmetry  also  follows  that  it  is  possible 
to  satisfy  boundary  conditions  only  on  the  surface  generant . 

The  criterion  of  the  problem  solution  accuracy  is  the  boundary  condition  residual 
in  the  norm  of  functional  space  L^.. 
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3.  PED  FIELD  SCATTERING  BY  THE  DIELECTRIC  SPHEROID 

Let  \js  consider  the  point wise  vertical  electric  dipole  field  scattering  by 
located  in  free  space  lossless  prolate  spheroid  with  semi-axis  ratio  C/A  =  2.00 
and  permittivity  -  a.O+i-O.O.  It  was  assumed  that  permeability  jU-  =  1  and  frequency 
dispersion  is  neglected.  Exciting  dipole  is  locate  on  the  axis  of  revolution  at  the 
distance  d  -  0.20-L  from  the  top  tip  of  the  object  (L  »  2-C  -  length  of  spheroid). 

The  frequency  response  of  spheroid  was  calculated  over  the  interval 
O.OS  c  k*L  i  20.00  with  increment  ^ ()c^L)  -  0.05.  The  boundary  conditions  normalized 
residual  over  considered  frequency  interval  was  less  then  0.001  . 

Let  us  consider  transient  responses  of  lossless  and  Icssy  spheroids  in  a  case 
of  excitation  by  PED  with  non-modulated  Gaussian  dipole  moment  with  relative  duration 
cT*/L  •  1  (we  use  relative  ct/L  units/  ■c*’  is  light  velocity)  . 

Lossless  spheroid  TR  at  6  -  30*^  is  presented  in  Fig.  2 .  This  TR  consists  of 
three  different  components:  specularly  reflected  (SR)  pulse,  creeping  wave  (CW) ,  and 
oscillations  corresponding  to  field  radiation  at  resonance  frequencies  (RC) .  The  SR 
relative  duration  is  equal  to  cT<>/L  and  CW  duration  is  slightly  longer  then  cTc/L. 
Time  delay  between  SR  and  CW  is  equal  to  the  same  time  delay  in  a  case  of  perfectly 
conducting  spheroid  and  it  is  in  a  good  agreement  with  corresponding  quantity  in  GO 
approximation. 

When  increasing  angle  6  one  can  observe  following  effects: 

1)  amplitudes  of  SR,  CW  and  RC  are  increasing; 

2)  time  delay  between  SR  and  CW  decreasing; 

3)  CW  and  RC  superimposed. 

These  effects  can  be  explained  by  all  above  mentioned  components  length  of  optical 
ways  changing  with  observation  angle  increasing. 

When  increasing  incident  pulse  duration  all  TR  components  are  superimposed  with 
each  other. 

Let  us  discuss  the  resonance  component  in  more  detail.  There  are  some  v;e 11  known 
methods  for  resonances  (eigenfrequencies)  extraction  from  transient  fields  [8.  9] . 
For  resonance  frequencies  extraction  we  use  simple  method  which  takes  into  account 
the  fact  that  scattered  field  radiation  pattern  at  che  resonance  frequencies 
significantly  differs  from  radiation  patterns  at  nonresonance  frequencies . 

For  determination  of  frequencies  at  which  occurs  most  intensive  scattered  field 
radiation  along  five  arbitrar illy  taken  directions  e  =30®,  60®,  90®,  120®  and  150® 
was  analyzed  following  quantity: 

<B*(k^L)>  «  Pr  {  E*(k^L,  6)  } 

where  ■Pr®  denotes  production  and  E*(k,L,  9)  denotes  scattered  E  field  y- component 
(in  spherical  coordinat  system)  spectrum  along  observation  angle  O.  In  Fig. 3  is  shown 
<E'(k^L)>  over  considered  frequency  range.  If  compare  it  with  scattered  field  spectra 
at  various  angles  of  observation,  one  can  see  that  along  all  mentioned  directions 
scattered  field’s  most  intensive  radiation  take  place  exactly  at  the  resonance 
frequencies. 

Let  us  investigate  now  the  quantity 

<E«(k^L)>  »  Pr  (  E*  (k^L,  a)  } 

ik^L,0)  -  spectrum  of  extracted  from  complete  TR  resonance  component  at  angle  0 
Ouantity  <£^{k  L) >  for  cT* /L  ■*  1.0  pulse  is  shown  in  Fig,  4.  From  comparison  of 
this  spectrum  with  corresponding  <E«^(k^L)>  for  scattered  far  field  (spheroid's  FR) 
(Fig. 3}  follows  that  RC  arises  from  eigenfields  oscillations  at  the  resonance 
frequencies.  <E^(k^L}>  in  a  case  of  Gaussian  pulse  with  cTq /L  *  2.0  is  shown  in. 
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Fig.  5.  Only  t%ro  resonance  frequencies  occurs  in  this  case  and  one  can  explain  this' 
fact  by  decreasing  of  the  incident  piilse  spectrum  width.  In  a  case  when  exciting 
dipole  iTKDment  has  modulated  Gaussian  envelope  with  modulation  frequen^ 
and  cTo/L  »  1.0  quantity  <E*(k^L)>  corresponding  to  this  pulse  is.  practically, 
the  same  with  plotted  in  Fig. 4.  It  corroborates  the  fact  that  RC  is  related  with 
field  radiation  at  the  resonance  frequencies.  Resonance  oscillations  amplitudes  are 
decreasing  with  increasing  ct/L  because  of  energy  losses  by  radiation.  - 

Responses  of  lossy  spheroid  consists  only  of  SR  and  CW  components  (see  Fig.  2. 
this  response  for  convenience  is  shifted  by  -10.0).  SR  practically  con^letely 
correlate  with  lossless  spheroid  SR.  Time  delay  between  SR  and  <>#  is  the  same 
as  for  lossless  spheroid  and  as  for  perfectly  conducting  one.  From  these  follows  that 
for  imaging  of  strongly  absorbing  objects  one  can  use  methods  which  was  developed  for 
perfectly  conducting  targets  (10) .  RC  is  absent  because  of  strong  absorption. 

The  effects  arising  when  increasing  of  0  are  similar  to  above  mentioned  effects 
in  a  case  of  lossless  spheroid. 

4.  CONCLUSION 

Let  us  briefly  summarize  presented  results. 

Both  lossless  and  lossy  scatterers  bistatic  transient  responses  are  calculated 
for  excitation  by  pointwise  FED  with  dipole  moment  various  time  dependence, 
modulation  frequency  and  duration.  Relation  between  scatterers  geometry,  dimensions 
and  permittivity  from  one  side  and  time  delay  between  specular  response  and 
creeping  wave  from  another  side  was  investigated.  All  above  mentioned  effects 

are  in  a  good  agreement  with  corresponding  results  in  GO  approximation  when  angle 
of  observation  and  CW  precise  velocity  are  taken  into  account. 

The  TR  resonance  component  and  scatterer's  eigenftelds  radiation  was  also 

investigated  and  the  possibility  of  scatterer’s  permittivity  determination  was  shown. 

Presented  results  demonstrated  efficiency  of  using  of  Fourier  synthesis  technique, 
and  the  ASM  combination  for  trahslent  scattering  problems  investigations. 

Obtained  results  can  be  used  in  radar  technology,  inverse  and  target 
identification  problems,  microwave  remote  sensing. 
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Abstract 

The  complete  analysis  of  irregular  rectangular  waveguide  structure  with  arbitrary 
shaped  metal  thin  central  septum  is  presented.  The  solution  of  ridged  waveguide 
eigenvalue  problem  is  obtained  by  the  original  formulation  of  an  integral  equation  for 
infinitisimally  thin  ridges.  The  solution  of  discontinuity  problem  is  obtained  by  formulation 
of  an  integral  equation  for  each  discontinuity  t)q)e.  The  scattering  matrices  of 
discontinuities  and  regular  transmission  lines  are  progressively  cascaded  to  determine  the 
overall  generalized  scattering  matrix  of  the  structure: 

l.Introduction 

In-line  configuration  septum  devices  like  [1,2]  are  exceptionally  suitable  for 
application  in  modem  polarisation  control  systems  due  to  their  compactness  and 
compatibility  with  typical  requirements  imposed  on  antenna  array  geometry.  Such  a  device 
consists  of  a  square  or  rectangular  vyaveguide  body  divided  by  a  thin  central  metal  septum. 
The  upper  and  lower  septum  parts  together  produce  required  differential  phase  shift 
between  orthogonally  polarized  field  components. 

2.FormuIations  and  Solutions 

In  order  to  determine  the  propagation  characteristics  of  the  septum  devices,  a 
generalised  scattering  matrix  of  the  longitudinally  irregular  sructure  has  to  be  obtained. 
The  analysis  is  carried  out  in  three  steps.  First,  the  structure  is  approximated  by  a  number 
of  regular  section  steps,  being  considered  separately.  Each  septum  region  is  equivalent  to 
unsymmetrical  double  ridged  waveguide.  The  solution  of  the  ridged  waveguide  eigenvalue 
problem  is  well  known  [3,4].  But,  as  it  is  pointed  out  in  [4],  accuracy  of  the  solutions 
degrades  with  decrease  of  the  ridge  thickness.  We  believe  that  the  phenomenon  occurs  for 
errors  of  expanding  fields  components  in  terms  of  rectangular  waveguide  eigenfunctions  in 
the  gap  region  and  errors,  associated  with  the  different  edge  singularity  for  thin  and  thick 
ridges. 

In  this  report  we  discribe  a  solution  for  ridged  waveguide  eigenvalue  problem  for 
infinitesimally  thin  ridges  which  excludes  above-mentioned  errors.  The  analysis  is  more 
accurate  for  thin  ridges,  than  the  finite  ridges  technique  [3,4]. 

f  Geometries  of  the  ridged  and  unsymmetrical  ridged  waveguides  are  illustrated  in 
Fig.l  and  Fig.2  accordingly.  We  have  proposed  two  different  solutions  of  the  eigenvalue 
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problem:  1)  with  formulation  in  terms  of  electric  field  in  the  gap;  2)  in  terms  of  magnetic 
field  on  the  ridges.  As  an  example  in  this  report  we  consider  boundary  condition  for  TE 
fields  with  the  magnetic  v/all  at  YZ-planc.  The  TE  modal  fields  are  expressed  in  terms  of  a 
complete  set  of  rectangular  waveguide  modes  with  unknown  coefficients: 


where  -  eigenvalues,  -  unknown. cocfficients.By  applying  the  boundary  conditions 
we  obtain  the  follo\ving  integral  eigenvalue  equations:  in  term  of  electric  field  in  the  gap 


and  m  term  of  magnetic  field  on  the  ridges  . 

i  (2  -  SqM  ^ ^ cos jlf^  (y) cos 

-(3) 

+]^,0')cos(^)rf;;]  =  0, 


where  p  =  {KaY 


By  expanding  the  aperture  field  in  terms  of  special  weighted  Chebyshev  polynomials  with 
unknown  coefficients  [4]  and  then  applying  Gaierkin's  method,  the  eigenvalue  equation  is 
transformed  into  a  matrix  equation.  The  solution  of  the  eigenvalue  equation  gives  the 
assosiated  eigenmode. 

The  second  step  in  the  analysis  is  obtaining  generalized  scattering  matrices  of 
changes  (discontinuities)  in  waveguide  cross-section.  There  are  three  types  of  waveguide 
discontinuities  in  this  problem:  a  junction  between  empty  and  unsimmetrical  double  ridged 
waveguides;  a  junction  between  the  two  double  ridged  waveguides;  a  junction  between  the 
double  ridged  waveguide  and  waveguide  entirely  divided  by  thin  metal  septum  into  two 
independent  equal  rectangular  sections.  For  all  these  discontinuities  fields  in  the  plane  of 
the  junction  are  expanded  in  terms  of  the  unsymmetrical  double  ridged  waveguide 
eigenmodes.  By  solving  an  integral  equation  the  scattering  matrix  for  the  isolated 
discontinuity  is  obtained. 

And  finally,  to  determine  the  overall  generalized  scattering  matrix,  the  scattering 
matrices  of  discontinuities  and  regular  transmission  lines  are  progressively  cascaded. 
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S.Numerical  Results  and  Practical  Realization! 

The  most  significant  improvement  of  existing  technique  for  analisys  of  irregular 
rectangular  waveguide  septum  structure  we  have  achived  by  the  new  formulation  of 
eigenvalue  problem.  The  two  different  solutions  of  integral  eigenvalue  problem  with 
formulation  in  term  of  electric  field  in  the  gap  and  in  term  of  magnetic  field  on  the  ridges 
give  upper  and  lower  approximations  to  cut-off  frequencies.  Besides,  the  general  order  N 
of  the  eigenvalue  matrix  equation  can  be  made  lower  then  third  (whith  0.1%  accurate  for 
cut-off  fi-equency)  due  to  appropriate  expanding  the  aperture  field  in  terms  of  special 
weighted  Chebyshev  polynomials  with  taldng  properly  into  account  the  edge  singularity 
for  tWn  ridges.  These  points  effect  a  saving  in  computation  time.  The  convergence  of  this 
approach  for  k^a  of  the  square  ridged  waveguide  dominant  mode  is  illustrated  in  tables  1 
and  2  for  integral  eigenvalue  formulation  in  term  of  electric  field  in  the  gap  (2)  and  in  term 
of  magnetic  field  on  the  ridges  (3)  accordingly. 

By  means  of  the  given  technique  we  have  designed  extremely  compact  orthomode 
transduser  with  original  uppej  and  lower  septum  form  (Fig.3),  which  provides  the 
differentional  phase  shift  90  degrees  between  orthogonally  polirized  field  components.  The 
measured  performances  in  15%  frequency  range  are:  VSWR  -  better  than  1.15;  isolation  - 
better  than  36  dB;  elliptisity  -  better  than  0.3  dB.  Cross  section  dimensions  are 
0.6Ax0.6.i,  where  A  is  average  wavelength. 

With  the  results  obtained  we  have  also  designed  square  waveguide  rotator  wdth 
VSWR  less  than  1.15  and  differential  phase  shift  180  degrees  over  25%  frequency  range. 

4.Conclusion 

We  have  described  a  new  rigorous  analysis  of  irregular  rectangular  waveguide 
structure  with  arbitrary  shaped  central  septum.  The  technique  can  be  used  for  design  of 
extremely  compact  septum  devices,  such  as  differential  phase  shifters,  ridged  waveguide 
filters,  ortomode  transdusers,  polarization  rotators,  etc. 
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ABSTRACT 

The  eigenprobleo  for  H-waveguide  with  rounded  sharp  edges  and  angles  has 
been  solved.  It  has  been  shovm  that  proposed  nethod  has  good  convergency. 
Eigenvalues,  fields  have  been  calculated.  Dependencies  of  eigenvalues  on  round¬ 
ness  reidii  are  presented. 

INTRODUCTim 

A  conventional  H-^waveguide  is  not  the  best  frora  the  txjint  of  view  of  el¬ 
ectrical  parameters.  To  increase  the  transrait ted  power  (breakdown  power)  it  is 
expedient  to  do  H-waveguide  with  rounded  sharp  edges  (see  fig. 1)  [11.  By  roun¬ 
ding  inner  angle  it  is  possible  to  decrease  damping  coefficient.  Roundnesses 
are  also  expedient  frora  the  point  of  view  of  adaptability  to  production. 

Such  H-waveguide  belongs  to  the 
class  of  electrodynamic  objects  with 
rounded  sharp  edges  and  angles,  cal¬ 
led  below  as  objects  with  roundnesses.. 

The  objects  with  roundnesses  have  be¬ 
en  investigated  insufficiently.  Comp¬ 
lications  to  solve  the  boundary  prob- 
len  eind  abserice  of  sufficiently  effec¬ 
tive  and  reliable  calculation  methods, 
satisfaction  with  characteristics  of 
available  devices  were  the  main  reas¬ 
ons  bf  such  state  of  affairs.  However, 
due  to  the  present  more  stringent  req¬ 
uirements  to  the  components  and  units, 
development  of  calculation  methods, 

computer  technology  it  is  necessary  and  actual  and  possible  in  practice  to 
solve  problems  for  structures  with  rounded  sharp  edges  and  angles.  The  main 
difficulty  is  caused  by  the  presence  of  straightforward  and  airve  boundary 
sections.  And,  though  from  the  point  of  view  of  convergency  these  problems  are 
seemed  to  be  sircplier  than  the  ones  with  sharp  edges  and  angles,  it  is  not 
trivial  to  obtain  the  constructive  solution,  and  this  problem  is  very  actual. 

DESCRIPTION  OF  THE  METHOD 

To  calculate  eigenvalues,  eigenfunctions  and  electrical  parameters  (cha¬ 
racteristic  impedance,  maximum  power,  daraping  coefficienO  of  such  H-waveguide 
various  methods  can  be  applied.  But,  investigation  of  this  problem  done  by 
authors  [2,3]  has  shown  that  the  most  effective  method  to  solve  it  is  one  ob¬ 
tained  as  a  result  of  synthesis  of  Ryaleigh  h>TX)thesis  about  analytical  exten- 
tion  of  solution  of  wave  equation  and  mode  matching  method. 

For  H-waveguide  with  roundnesses  problem  is  divided  into  two  independent 
scalar  ones,  electric  and  magnetic.  In  its  turn,  due  to  the  structure  symnetry 
each  of  the  latter  is  divided  into  two  more  with  electric  or  ma^etic  wall  in 
the  symmetry  plane  (case  of  asjTJBetric  location  of  contraction  is  considered). 

Ryaleigh  hypothesis  applied  to  obtained  problems  consists  in  assumption 
that  it  is  possible  to  present  fields  in  region  situated  between  planes  ^^=0 

and  fig.l)  through  expansion  in  eigenfunctions  of  rectangular 

region  of  larger  cross  section.  The  idea  to  use  Ryaleigh  hypothesis  has  appe- 
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in  connect  ten  with  «dvantages>to  eolwe  boundarr  pioblea  with  wtniwna  tjn- 
antity  of  partial  regions-  In  this  case  it  is  sufficient  to  consider  only  two 
partial  regions  (regiOis  I  and  11  in  fig. 1). 

Fields  in  regions  I  andll  are  presented  as 
for  H-mves 


1  „  ■"y, 

b"  cos  «>s(P  (x_-l  ) ) , 
o  "  ®2  ■  ^  * 


for  E'-mves 


•' J,**  •*"  ^  v‘.  '}■  J 


■"y, 

sin— sinO^(i2-l2))* 


ltependence  «»  tine  and  longitudinal  coordinate  exp(i(«t-H*z))  is  oaitted. 
In  the  case  of  syiwMtrieal  HHraveguide  sunmiatioh  in  abovenOnt  w  expres 
situis  is  done  with  respect  to  either  odd  or  even  B»n. 

Expressing  transverse  conponents  of  tire  fields  through  longitudinal  ones, 
■atching  tangential  c»(Bponents  on  the  regions  1  and  ll,  using  Oa- 

lerkin  method  £2]  homogeneous  linear  elgehraic  equation  system  (LAES)  has  been 
obtained 


(El 

■  :.ap  :  •■wp-  .j; 


na  np  «p 
p»CO)l. 


Where 


_■(£)_  :p2  ^(E>  :cos, 
-ap  ”  Jp  sin 

♦^(ygl-Pjnos  "-'y-— -nin 
2 


-l2)lsina+ 


cos  I ( f  tyg  («)  >-  i  2 )  * 


♦^(y2>*stn  ain  {p^ffCyjHla)^ 


!  2 

r^i  COS 

CM  ”Vt 

a,  • 

_  sin 

^  a. 

1 

0 

2  1 

m 

f  0  = 

nm 

fCyjt®) Vt  ygt®)  -  functions  that  describe  surface  formed  by  rouhdnesses, 

atrai^tforward  sect  ions  of  lug  and  boundary  of  part  ial^^^  r^^  -  angle 

between  axis  y  and  tangent  to  the  boundary. 

Ifcmtrivial  solutions  of  LAES  are  only  possible  vdien^  d^^^^^^  adrere  B  - 

LAES  coefficient  matrix. 

From  the  latter  equation  we  find  cutoff  wave  number,  and  fT<Mi  LAES  -  co¬ 
efficients 

Ihus,  the  eigenprobiem  for  H-waveguide  with  rounded  sharp  edges  and  ang¬ 
les  has  been  solved. 


RESULTS 


Algorytha  that  makes  it  possible  to  find  effectively  roots  of  ^nation 
for  cntoff  wave  nimbers  has  been  developed*  Correctness  of  application  of  Kya 
leigh  hypothesis  to  solve  problems  of  such  kind  has  been  shown. 

Eigenvalues  and  fields  of  the  main  and  the  higher  modes  of  H-waveguide 
with  roundnesses  have  been  calculated  for  various  roundness  r^ii.  Dimensions 
of  tested  waveguide  were:aj=6,  82=20,  ^2”^’  (all  dimensions  are  gi¬ 

ven  for  the  case  when  there  are  no  roundnesses).  Fig. 2  shows  tl«  dependence  of 
normalized  wavenumber  kl  ( mode  of  the  symmetrical 
H-waveguide  with  rounded  sharp  edges  (r^^,  r^sO)  on  roundness  radius  r^.  Un¬ 
der  the  calculations  in  region  I  10  waves  were  taken  into^account,  in  region 
jj  _  30  waves.  The  ratio  of  numbers  of  waves  being  taken  into  account  was  det¬ 
ermining  by  Mittra’s  rule.  The  order  of  LAES  was  equal  to  30,  The  analogous 
dependencies  for  the  first  two  E-waves  (magnetic  wall  in  symmetry  plane  x^»-l, 

and  electric  wall  in  symmetry  plane  yj=a^/2)  are  presented  in  fig. 3-  In  this 

case  it  was  enough  to  take  into  account  in  region  I  -  5  waves  and  in  region  II 
—  15  waves. The  order  of  LAES  was  equal  to  15.  It  is  seen  that  rounding  of ^ 
sharp  edges  diminishes  the  normalized  wavenumbers,  moreover,  rmindnesses  inf¬ 
luence  on  wavenumbers  of  H-waves  more, than  on  wavenumbers  of  E-waves  that  is 
in  keeping  with  physical  considerations.  Fig. 4  shows  the  dependencies  of  kl  on 
radius  (rj=l)  for  E-wave.  Small  radii  practically  do  not  influence  on  kl, 

but  with  further  increase  there  is  increase  in  wavenumbers. 

Results  have  been  eonpared  with  ones  obtained  by  finite  element  method 
14],  and  in  the  case  of  absence  of  roundness  and  sy^  location  of  cont- 

ractioh  —  with  ones  obtained  by  mode  matching  method  with  subject  to  singula— 

rity'on  the  edge  f5J.  /  .v  r  *1... 

It  has  been  shown  that  proposed  method  has  good  convergency  both  for  the 
first  and  the  higher  i»de^^  of  H-waveguide  with  rounded  sharp  edges  and  angles. 
As  an  example,  table  I  shows  the  results  of  eovergency  investigation  for  the 
case  of  E-waves  {r,=0.75,  T2=0),  In  it  and  numbers  of  waves  taken 

into  account  in  region  I  and  II,  correspondingly. 

'  '  '  "Table  1- 


Fig.2 
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NUMERICAL  REALISATION  FOR  THE  DIFFRACTION  PROBLHaS  ON 

.MULTIELEMENT  GRATINGS 

■*  Vladimir- Dushk:^  Yurj  Gandeii,  Natalya  Morozova 

Depar'tmerit  MecKaxilcs  and  Matliematlcs.iCarkov  State  Univei’slty 
A.  SvoboclySq,,]^arkoY,  31 0077, Ukraine 

Here  is  a  su£cgestion  to  consider  a  new  nximerical  and 
analytical  method  of  solvirkg  the  problem  of  electroma^etic  wave 
diffraction  by  an  infinite'  periodical  grate  constructed  of 

perf  eqtly  conductive  rectangular  cross-section  rods  by  the 
reduction  It  to  a  system  of  singul:ar  Integral  equations  on  an 
interval.The  solution  for  which  is  made  by  the  modified  discrete 
singularities  method* 

Let  a  21-periodlcal  structure  cons  true  t  ed  the  beams 
B=  {  (X'*yv,z'  ):  -ao  <  Z' <  +eD,  |Z'|<h,  ye  UvGIn  ) 

be  illuminated  by  a  plane  monochromatic  wave.  The  dependence  on 
time  Is  supposed  to  be.  8Xp  c-lc*>t )  .Due  to  the  regularity  pf  the 
structure  along  th  OX  axis  the  original  pioblem  can  be  .reduced 
to  the  two  scalar  ext ernai  bovin clary  value  problems  for  -.the 
Heliiiholtz  equation  with  Diriohlet  or  Neumetnn  boundary  conditions 
The  solution  will  be  sought  with  the  following  natural  asstunptions 
The  field  satisfies  the  Zommerfeld  radltlon  condition,  the 
conjugation  condlctlons,  the  Me ixner  condition  on  the  edge  of 

a  ri^t  dihedral  angle:  ,  where  p  is  a  space  coordinate  of 

a  local  in  the ;  edge  vlclni ty  polar  coordlna t e  system •  / 

Let  the  grating  be  Illuminated  by  an  E-polarlzed  .wave 

uj^0-.ikte  —h  )  ^here  k=c*>/c  is  the  wave  nximber. 

The  scattered  field  can  be  represented  in  the 


3-.k(Z^-h)  .3 

a=-o)  ’  ’ 


Z'  >ll 


n 

•  n=^  - 

where 


z  v  <h 


rji=j|n|/  1-  (kl)^/(jin)^  1^0:  ?0=-Ck,  yi.m  p,yZ  jjj2 

^  ■  '1=1'.. 

and  Ini(rn)S0  ,,*  Re  (?n)iO 

Prom  the  bovuidary  conditions  on  the  rods  and  the  conjugation 
conditions  two  systems  of  the  summator  equations  can  be  obtained; 


S5 


l  or  xdh  . 


1+^1*  e  y‘«  CLO 

i4V  slKFi.m  n))  slnf-^^rCy'-a^)) 

.n=-®“  ffi=1  •  i  i 

tk.fx:  ?„  e*!*^'* 

«.-T?i.m(  b^^^sh(?i,nih)+b|  h))  slnC-j^f  (y . 


y'«  (a£,/?£)  ,  1=1.. K, 


«aid  lor  z=-h. 


f  A”  e^i®^*=t(;  h))  gln(  (y '^i)) 

ji=-o>“  fe=1  *  '  -  1  1 

■  ■ 

'<»  tm-t^  ■  ^ 

ri.m(--b^|j^  ah(ri.«h)+b|^^^  gln(  >  (y )) « 

'mjsl  -  *  •  ■■  '.'1  .  :'  dL 


e  y  6  CIO 


'  '  ^  ^  ^  y'€  .  i=i  ..M 

Introducing  the  dimensloriless  •. 

y  =  I  y.“i=  I  I  <’!■*=  -I  =  I-  W  ..H 

and  denoilns  > 


rn=|n|y  1-  (  »*/n)^  ns^o;  rQ=-t*,  ri.m  =i 


2  2 
jrrn 


i^r.M 


al  tei*a-simple  translorniationa  we  can  obtain  a  two  systems 
of  the  summator  equations: 


e  y  €  Cl  ( 

ri=-oo“  ,  * 

sto(.^(y y  c  («,pi  )  l:.f..ll 

*^=-®  i  Im=i  y€  (al,/?l  )  1=1..M 

wh.ere  An=An+An+‘5nO,  Bi,m=bl . m ch (ri.inh) .  Wl,in=th(Fd.nill)  Injthe 
llpst  case  and An=An"^An+<5nO»  Bltni=bi,ni  sh(?'i.Bill)  ,ffl,in=oth.(rl.nill) 


In  the  second  case. 
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Then,  followlns  the  Ideas  of  the  works  [1,21.  .  we  Introduce 
the  functions  \  . 

-fCD 

fe_<D  y  €  [-»r.rt1_  .  m=t  ^  X  ^  («l.[?l)  1=1  - -H 


with  the  propeties  FO=Fl 


X  Pi(t)dt=0  .  1=1. .M 

-al--  •  •  ■  . 

The  representation  ■ 

'  -tnt 

'  .L  ■  ' 


(  1.1  ) 


2ff  J  O 
I. 


Bj.„= Fi(t)  cosC-^(y -aj))  at  1.1..K  •  ■ 

for  the  Fourier  ooelficlents  Is  based  upon  these  propetles-Uslns 
the  Hilbert  transformation,  we  oome  to  s  system  of  singular 
integi^al  €f qua  t  ions 

*  4  ncoat  . 

1  i  c^i 


U  fSp 


+  4x  (1.S). 

,  ”p=1  -/otp  . 

with  the  additional  oondltlo^  (1 . 1  )  ^  , 

The  solution  for  the  system .  of  the  singular  Integral 

equatloris(1  .2)  with  the  additional  conditions  (1.1)  Is  sought  In 

the  class  of  functions  which  may  be  represented  In  the  form  of: 

P,(y)=  '  -  -  .  .7  •  1=1.. M  , 

J  •  Mw^xrim^y  . 

t^ere  yICt)  is  a  function  bounded  on  tffl.Pl]. 

Int3?odusing  a^  linear  map  (t ) :  C~1 . 1 and  changirig 
the  variables  in  the' system  of  the  singular  integral  equations, 
we  ©an  obtain: .  ^ 

1  /  ^  1 

“  ''  jsi  (1-t^)  i=n-"i , 

were  K^^;t)=Kp(g^(T),gj^tt) )  (1^1)  a^^^  • 

K.  (T.tl  =  Ki(g|T ) ,g|t ) )  +  :otg(g^^|^ t  ~ 


■  (ttT 
2 


th:*  adSXtl.ona3.  oondl.tiozui 


P=I..M  ,  (1.4) 


Por  a.  n  appisaxl  m  ate  solution  of  the  problem  the 
dleo3?etlzation  ol  the  system  of  the  singular  Integral  equations 
(1.3)  and  the  additional  conditions  (1.1)  can  be  made  by  the 
discrete  singularities  method.  . 

The  lnte3T>olation  points  of  the  function  to  be  sou^t  are 
chosen  as  the  zeroes- of  the  first  kind  Chebyshev  polynomials  of 
the  poyer  Np  .  The  integral  equations  are  considered  in  the 
zeroes  of  the  second  kind  Chebyshey  polynomials  of  the  pover 
Nl-t  (1=1  .  .m)  This  procedure  leads  to  a  system  of  llne^ 
algebraic  equation  with  respect  to  the  values  of  Ixmotlon  Vn 

in  the  Interpolation  points.  ^ 


m 

E 

p»i 


(Tk|j  tr_)  vS 

1  p  p 


u  ■ 

i=1 .  .m  , 


k^=1 . .N^-1 . 


P" 1 .  .M. 


The  numerical  results  for  the  E-  and  H-polarizled  waves  for 
one—  or  multielement al  gratings  for  various  values  of  grating 
parameters  have  been  obtained. 


(t)  Tu.GMidel:"On  the  palved  Fourier  series  In  some  of  the  mired 
boiandary  problems  of  mathematical  physics.  •'r.E.P.A.Kharkov,  (1982) 
n.  38,  pp.  1.5-18. 

(2)  Tu.Gandel;  -The  Discrete  Singularities  Method  for 

electrodynamics  pi*oblems , -  Cybernetics  problems ,  Moskov,  (1 986 ) 
pp. 168-183.  ; 

(3)  S.Belots^kovsky,I.I,lfanov;"NumerlGal  methods  In  singular 
Integral  equa;t  ions  ".Moskov,  (1985)  pp  253-271 . 


ON  THE  PROBLEM  OF  WAVES  DIFFRACTION 
BY  SCREENS  WITH  NARROW  SLOTS 

Egorov  M.B. 

1.  Introduction.  Tho  screens,  perforated  by  narrow  waveguide 

channels  C  thair  diameter  d  Is  essentially  smaller  then  the  wave 
length  \  1  are  used  as  the  elements  of  different  devices  of 
electronic  and  antenna  waveguide  technique.  When  the  number  of 
such  channels  Is  sufficiently  large,  the  considered  domains  have 
complicated  structure  of  boundary.  Even  with  the  help  of  numerical 
methods  often  it  is  difficult  to  determine  the  solution.  Hence, 
the  natural  question  arises  how  to  reduce  the  problem  of  such 
type  to  less  difficult  ones  for  the  homogeneous  medium  and  to 

determine  the  equations  describing  this  equivalent  medium. 

The  method  of  the  present  paper  consists  in  obtaining  of 
integral  equations  for  certain  limit  function  on  the  surface  of 
screen  in  the  case  when  the  diameter  of  the  waveguide  channels 
vanishes.  It  is  supposed  that  the  number  of  channels  N  either 
finite  or  large,  but  their  common  measure  is  finite.  In  these 
marrow  channels  the  one  wave  approximation  is  used  with  the  error 
l^dA) .  It  is  proved  that  the  system  of  obtained  integral  equations 
is  solvable  and  has  the  unique  solution. 

2.  Formulation  of  the  Integral  Equation.  The  geometry  of 
scattering  problem  is  shown  on  Fig.  1 ,  vrt^ere  the  scatterer 
represents  a  plane  metallic  screen.  Eymmetrlc  pairs  of  slots  on  the 
screen  are  connected  with  the  waveguide  channels  being  the  space 
between  two  coaxial  cylinders  with  the  elements  parallel  to  x-axis. 
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The  incident  wave  is  described  by  the  formula 
Scy,  z>  =  <  exp  E  lkC/3y  -  yz)-lwt  1,  0,  0  >  Cl) 

The  field  in  external  space  is  represented  as 

H„Cy,z)  =e* e^ 2  S  K  ik  / 2“+  Cy  -}))*  EC7))d7}  C23 

■  *  "■  G .  ® 

■  <i)  "■ 

where  K  Cx)  is  the  Bessel  function,  5  =  U  (?  ,  G  is  aperture  of  the 

0  n  n 

n-th  channel,  ECt))  -  the  tangential  component  of  electric  field 
on  (?.  ■■ 

The  field  in  the  n-th  cannel  can  be  represented  as 
Hjj(jr>e)  *  4jjexp(ikr„VCn  0)  +  B^expC-ikr^T^  C3) 

where  r^  is  the  middle  radlous  of  channel  n»  e  is  the 
permittiYity  of  medium  inside  the  channel. 

Let  us  determine  the  solution  .of  this  diffraction  problem  in 
the  case  dA  «1. 

If  the  boundary  conditions  are  fulfilled  on  S  one  have 
obtained  two  independent  Fredholm  equations  of  the  second  kind: 

i^r)  1l|r)  s 
CJr)  J|r)  = 

■where "  •  ■ 

C^r)  -  HgCknVir>^)  /  Ckvf^  ),  Cjr)  =  ctgCkh^ 
and  ECn)  = 
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3.  Results.  To  obtain  the.  equivalent  boundary  conditions  for  the 


dense  grating  it  is  necessary  to  do  the  passage  to  the  limit  t  -*■  0 
in  the  equation  C43  and  to  take  into  account  the  representation  CSl. 
In  the  case  of  finite  number  of  narrow  slots  one  can  solve  the  - 
abovementloned  integral  equations  by  the  method  of  progressive 
approximations.  Substituting  zero-order  approximation  in  formula 
CS>  and  replacing  the  Integral  by  the  sum  over  all  slots  we  obtain  * 
the  description  of  the  field  over  the  screen. 


i — — —  exp  IlCkR-Ti/i)] 

K  (iR,V  “  -4(iT  v-  2k/jrR  i  -  » 


w  I  n  <  cscCknD  > 


n=^N 


v^ere  R  and  ?  are  the  polar  coordinates  of  observation  point. 

Function  K  is  zero-order  approximation  of  the  field  reradleted  - 

by  slots.  To  obtain  it  we  used  simplifications  permissible  for 

antennas  in  far  region.  It  is  considered  the  most  Interesting  from 

the  practical  point  of  view  the  case  of  equidistant  grating,  l.e.  - 

r  =  n  T.  ‘  with  r  =  const  =1.  Such  structure  corresponds  to 

n  n  n 

the  van-Att  grating  mcdel,  V 

The  error  of  sol ut ion.  is  the  value  of  order  CX’ci^. 

The  representation  C5)  corresponds  to  the  radiation  field  of 
two  array  antennas  with  linear  phase  and  amplitude  distributions. 
This  phase  distribution  leads  to  the  beaon  shift.  The  shift  angle 
is  determined  by  the  angle  of  incidenceof  the  wave.  Hence, 
the  maximal  values  of  the  reradlated  field  are  observed  at  the 
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Pig.l.  Flg.2. 

^les  corresponding  to  ih®  angle  of  ^  ^  of  speqular 

reflection.  F^oi  the  formula  C5)  it  follows  that  the  <|uotient  of 
the  an?>lltude  of  specularly  reradiated  field  to  the  ^plitude  of 

badcscattered  one  is  determined  by  the  function 


P  _ 


It  is  evident  that  the  considered  model  provides  the 
reflection  of  electromagnetic  field  in  the  direction  to  the  source. 


For  the  given  quotient  of  anplltUdes  S  the  parauaeters  of  wav»-^i^^ 

channels  e  «nd  r  must  be  chosen  from  the  OMiditlon 
n 


arccos  S  +  2nni 
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to  the  Figr?  it  is  shown  the  scattering  pattern  Of  the  van-^ 
gr^ing  models  is  oalcidated  according  to  formula  CS).  The 

parameters  Of  jradel  are  f^  1  =  6.2, 


W  -  20.  r^  =0.2. 
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OF  UNDEPXYING  SURRFACE 


Nataliy  Egorova,  Nikolay  Kolchigin 
Kharkov  State  University 

ABSTRACT 

A  problem  of  scattering  of  wave  pulse  beam  by  flat  boder  bet¬ 
ween  two  dielectrics  has  been  solved  using  the  Green’s  function. 
Analytical  solution  has  been  obtained  for  distribution  of  density 
of  field  sources  for  Gaussian  function  and  known  time  dependence. 

‘  INTRODUCTION 

Phisical  phenomena  of  pulse  wave  beams  observed  both  at  pro-  - 
pagation  nearby  a  surface  and  scattering  by  various  media  differ 
substantially  from  those  which  pccure  in  monochromatic  wave  beam  - 
cases.  Distortion  of  pulse  wave  beam  strusture  is  possible  at  its 
reflecting  and  transmitting  through  a  dispersion  medium.  'When  - 
a  border  is  available  between  two  media,  one  can  observe  a  shift  of 
maximum  of  wave  beam  spacial  distribution  relative  to  the  position  ' 
determined  by  georaetrical  optics.  Focusing  and  defocusing  of  the 
beam,  displacement  of  focus,  change  of  the  beam's  polarization  and 
etc.  may  to  take  place. 

To  investigate  the  above  noted  phenomena  i t '  s  necessary  to  * 
have  solved  proper  boundary  problems  of  wave  beams  propagation  and 
diffraction  allowing  for  an  underlying  surface. 

RESULTS  AND  DISSGUSIOIC 

Approach  to  solving  these  problems  is  based  bn  Maxwell’s 
equations  with  given  external  sources  and  uses  the  Green’s 
function  of  the  boundary  problem.  The  latter  fact  just i-fies  its 
generality.  In  this  case  solution  of  diffraction  problem  of 
thewave  beam  reduces  to  integration  upon  assigned  cross-section 
for  product  of  Green’s  function  of  a  point  source  boundary  problem 
and  distribution  density  of  point  sources  upon  this  cross-sec- 
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tion.  This  method  permits  to  exclude  the  solxitioh  of “tioundary 
problem.  Besides,  the  Green’s  function  of  this  problem  is  in 
itself  an  explicit  solution  of  the  problem  of  finding  a  continual 
superposition  of  plane  waves  of  the  point  source  and  includes  all 
substantial  physical  effects  of  its  field  scattering  on- the  boder. 
Hence,  the  study  of  diffraction  problera  of  wave  beam  reduces  to 
analysis  of  scattering  properties  due  to  point  sources 
distribution  with  given  intensity  at  the  surface. 

For  simplicity  let  us  consider  a  scattering  of  pulse  wave 
beam  on  the  border  between  two  dielectrics  with  refraction  index 
A  and  -  dielectr teal  permit ivity  of  upper  and 
lower  medium,  respectively!  Cfig.l). 

Let  a  distribution  of  sources ,  forming  the  original  wave  beam 
assigned  by  function  f  at  =  0,  to  be  known. 

Electric  (magnetic)  dipoles,  taken  as  sources, 
have  the  moments  dependent  on  time  in  pulse  regime  as  p ft -2 /c.) 
Function  is  represented  as  expansion  into  Fourie's 

integral;  ^ 

As  p(i)  is  real  function  ,  the  following  equality  is 

relevant  , 

^  (-to)  »•  9 

Such  dipoles  excite  the  field,  defined  by  one  component  electrical 
C respectively ,  magnetic  )  Hertz  vector  with  unique  component 
not  equal  zero,  vfeich  is  co-directional  with  orientat^^^^^^  of 
the  source's  dipole  moments. 

Then  the  potential  of  electromagnetic  field  of  radiated  wave 
for  two-dimension  case  jnay  be  written  as: 

r,  f 

\diere 

^ small  parameter I ^1  * 


■E^n—Cj 

‘  ^/Vjrkr,  V  £kri  r  (-^) 

i  ;  rv  =  V 


.r  w 


The  field  of  orlglnai.  wave  beam  is  defined  by  Greeen'  s 
theorem:  \  -\ 

Ui  fy;,  =X5 -F  iy  y/ i.S) 

v^ere  Green  function,  j  (ii'A)  -  distribution  func¬ 

tion  of  dipoles  density;  defined  by  physical  conditions  of  the 
problem  and  is  given  at  pi anei^O. 

Generally,  each  one-component  Hertz  vector 
characterizes  a  five-component  electromagnetic  field. 

To  find  out  scattered  fields  in  (51,  corresponding 

Green’s  function  of  boundary  problem  ought  to  be  aYailabie. 

Furtner  on  we  will  use  coordinates  ( Vo  1  with  index  i 

(incident 3  for  original  beam,  and  coordinates  (  Vr»  ^»'  >  with 

index  r  (reflected)  for  reflected  field. 

Using  Green’s  function  of  boundary  problem  means  practically 
that  the  spectral  properties  of  the  Maxwell’s  operator  are  not 
dealt  with . -  discret  and  continual  spectruns  have  been ,  as  yet , 
taken  into  account  and  written  in  the  •explicit  form  by  the 
Green’s  function  of  boundary  problem. 

Now,  as  seen  from  (3)  ,  in  order  to  find  the  field  of  pulse 
radiator  the  scattered  field  Green’s  function  is  to  be  imiltipli«l 
by  and  then  integrated  from  -  to  .  In  view  of 
properties  of  function  q(iu)  ■  we  get: 


wtffire 


(e) 


V  ^ 


mtoi 


Be  -  y  n  ^  ^ 


m  CPS  Be  *  V  n'  ^  -  sln 


Fresnel’s  coefficient  for  partial  plane  wave  with  incidence  angle 
in  the  integral  representation  of  the  field  of  point  source  for 
solution  of  boundary  problem  is 

^  ^  Vi 'kos  Bi  -I- 


Bo  ~  CU'C  Sihr 


7»  =  n*  for  vertical  electric  dipole  ^polarization  in  Incidence 

plane);  m  =  1  for  vertical  magnetic  dipole  Cpolarization 
in  plane  perpendicular  to  incidence  plane). 

Correction  coefficient  N  ,  formula  C7)  is  defined  by 

expression  :  ‘ . 

Reflected  field  of  wave  pulse  beam  can  be  determined  by  for¬ 
mula  C5)  substituting  the  corresponding  Greenes  function. 

It  remains  only  to  integrate  over  the  location  region  of 
sources  with  known  function  of  their  spacial  distribution. 

The  advantage  of  this  procedure  is  evident  as  the  solution  of 
diffraction  problem  for  wave  beams  of  higner  order  does  not  differ 

from  the  case  of  Gaussian  beam. 

Fig.  1  shows  the  amplitude  distribution  of  the  field  for 
various  moments  in  time  ,  i.e. ,  instant  values.  Calculations 
have  been  made  according  to  formula  5  where  d  ^  has  been 
substituted  instead  d  •  Vertical  magnetic  dipoles  are 

the  sources  Cm.  =1  for  reflection  coefficient  in  (5)). 

Incidence  angle  is  equal  to  9l  =0.9  rad. 

Incidence  is  from  medium  with  lesser  density  on  to  denser 
medium  (^=7-4  =  a:. 53).  Distribution  of  sources  density  is 

described  by  Gaussian  function  /  =  t  ^ 

where  Wt  -  probl erne's  parameter ,  characterizing  the  width  in 
the  sources  plane  upon  v/hich  the  radiation  intensity  decreases 
in  ^  -  times.  Sources  are  excited  synchronially. 

Time-dependence  form  for  dipole  radiated  impulse  is  like 

where  'f  -  impulse's  width  parameter. 

Expansion  into  integral  C2)  is  according  to  111. 
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Fig  1 .  The  space-time  distrihution  of  the  fild. 
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ABSTRACT 

The  electromagnetic  waves  propagation  in  an 
inhomogeneous,  chiral,  isotropic,  plasma-type  medium 
is  considered.  It  has  been  found  that  in  an  isotropic, 
inhomogeneous  medium  the  linear  coupling  of  transverse 
electromagnetic  waves,  caused  by  chirality,  results  to 
new  type  of  mode  conversion.  The  mode  conversion  bet¬ 
ween  the  fast  and  slow  electromagnetic  waves  is  desc¬ 
ribed  by  the  set  of  two  coupled  equations  with  singu¬ 
larity  at  the  plasma  resonance  layer  which  leads  to  a 
finite  wave  energy  absorption  independently  on  dissi¬ 
pation  smallness.  In  the  case  of.  normal  wave  inciden- 
,  ce  on  weakly  inhomogeneous  plasma  with  mode  crossing 
layer,,  the  plasma  resonance  region  is  the  reflection- 
less  layer  and  100  %  mode  conversion  takes  place.  The 
singular  structure  of  wave  fields  at  the  plasma  reso¬ 
nance  region  is  studied. 

INTRODUCTION 

Chiral  media  have  been  long  known  in  optics 
as  the  optically  active  ones  in  which  the  electromag¬ 
netic  waves  of  different  polarization  are  propagating 
at  different  phase  velocity.  The  chirality  . can  signi¬ 
ficantly  influences  on  a  medium  electrodynamics,  for 
instance,  the  TE  and  TM  modes  linear  coupling  arises, 
the  polarization  plane  rotation  under  the  electromag¬ 
netic  wave  propagation  in  chiral  medium  occurs,  the 
electromagnetic  wave  excitation  and  scattering  are  al¬ 
so  changed  and  so  on. 

During  the  last  years  a  number  of  papers  on 
the  fundamental  problems  of  electromagnetic  waves  pro¬ 
pagation  in  chiral  medium  have  been  published.  The 

F  resent  paper  is  proposed  to  explore  the  chirality  in- 
luence  on  the  electromagnetic  wave  propagation  in  an 
weakly  inhomogeneous,  isotropic,  plasma-type  medium. 
Such  medium  can  be  considered,  for  example,  as  a  spe¬ 
cific  type  of  dusty  plasma  with  dusty  particles  to  be 
a  chiral  objects. 

The  constitutive  relations  for  lossless,  re- 
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ciprocal,  isotropic,  chiral  medium,  under  expC  -  iwtD 
time-dependence  is  assumed  for  the  fields,  are  given 
by 

D  =  c  E  +  i  y  B  ,  H  =  i  y  E  +  B  /  ju  , 

where  e  is  the  dielectric  permittivity  and  is  the 
magnetic  permeability  of  medium;  y  is  the  chirality. 

■  The  principle  feature  of  inhomogeneous  plas¬ 
ma  is  possibility  of  the  s-sign  changing  along  a  ray 
trace.  In  the  case  of  such  possibility,  there  is  plas¬ 
ma  layer  v/here  the  dielectric  permettivity  €  is  small 
enough  and,  consequently,  the  chirality  influence  on 
electromagnetic  vjave  propagation  is  of  principle.  We 
consider  the  electromagnetic  v/aves  propagation  in  the 
chiral  plasma  which  is  inhomogeneous  in  the  one  direc¬ 
tion,  say  along  z-axis.  So  e,  ij  and  y  are  a  some  func¬ 
tions  of  z  only.  We  use  the  constitutive  relations  to¬ 
gether  with  Maxwell's  equations. 

curl  E  =  i  o  B  /  c  ,  curl  H  =  -  i  w  D  /  c, 

suppose  that  the  fields  depend  on  time  and  space  vari¬ 
ables  as  fCz)expCik  x-iwt),  where  k  =  (w  /c)  sin0  and 
8  is  the  electromagnetic  wave  incidence  angle.  Under 
this  assumption,  we  have  obtained  the  set  of  two  coup¬ 
led,  ordinary  differential  equations  of  the  second  or¬ 
der  each.  This  set  of  equations  has  been  studied  at 
the  plasma  resonance  region  and  far  from  it. 

BASIC  RESULTS 

■  The  theory  of  an  electromagnetic  waves  propa¬ 
gation  and  mode  conversion  in  the  weakly  inhomogeneous 
chiral  plasma  with  the  mode  crossing  layer  is  develo- 

fed.  In  the  case  of  chiral  plasma  the  normal  waves  are 
he  hybrid  modes  represented  by  superposition  of  the 
TE  and  TM  modes.  Consequently,  the  electromagnetic  wa¬ 
ves  interaction  with  inhomogeneous  chiral  plasma  will 
be  described  by  the  set  of  two  coupled,  differential 
equations  of  the  second  order  each  with  variable  coef¬ 
ficients  which  have  singularity  at  the  plasma  resonan¬ 
ce  point.  It  is  shown  that  plasma  chirality  affects 
significantly  on  the  relative  positions  of  the  plasma 
resonance  layer,  the  layers  of  wave  reflection  and  the 
mode  crossing  layer.  In  particular,  at  the  small  inci¬ 
dence  angle,  the  slow  mode  may,  in  contrast  with  the 
case  of  vanishing  chirality,  propagate  into  the  over- 
dense  plasma  region  and,  therefore,  the  plasma  reso¬ 
nance  layer  becomes  open.  It  is  shown  that  chirality 


leads  to  an  appearance  of  the  mode  crossing  layer  but 
it  always  placed  into  the  overdense  plasma  region.  It 
is  studied  the  singular  structure  of  wave  fields  at 
the  plasma  resonance  layer.  Under  a  common  boundary 
conditions,  the  electric  field  components  parallel  to 
the  plane  of  wave  incidence  are  singular  at  the  plas¬ 
ma  resonance  point.  Simultaneously,  in  contrast  to  the 
case  of  vanishing  chirality,  the  magnetic  field  compo¬ 
nents,  parallel  to  the  plane  of  wave  incidence,  have 
singularity  also.  The  wave  field  asymptotics  valid  at 
the  vicinity  of  plasma  resonance  region  have  been  ob¬ 
tained  by  the  contour  integration  method.  It  is  shown 
also  that  owing  to  chirality,  the  wave  reflection  from 
the  weakly  inhomogeneous  plasma  with  the  mode  crossing 
layer  and  the  wave  resonant  absorption  may  undergo  the 
oscillatory  behaviour  in  dependence  on  the  incidence 
angle. 

In  the  case  of  normal  waves  incidence  on  the 
inhomogeneous,  chiral  plasma  with  linear  spatial  depen¬ 
dence  of  the  plasma  dielectric  permittivity  the  exact 
analytical  solution  in  terms  of  the  Airy  finction  has 
been  obtained.  This  solution  describes  the  the  mutual, 
100  %  mode  conversion  between  the  fast  and  slow  elect¬ 
romagnetic  waves.  It  is  generalized  to  the  case  of  an 
arbitrary,  monotonic  spatial  profile  of  c(z>  allowing 
the  existence  of  the  mode  crossing  layer.  This  solu¬ 
tion  is  used  to  consider  the  polarization  plane  rota¬ 
tion  and  the  magnetic  helicity  transport  under  waves 
propagation  in  the  weakly  inhomogeneous  chiral  plasma. 
It  was  shown  that  owing  to  chirality,  the  magnetic  he¬ 
licity  of  normal  modes  is  nonzero  and  the  magnetic  he¬ 
licity  flux  depends  significantly  on  the  wave  polari¬ 
zation,  At  the  mode  crossing  layer,  the  magnetic  heli¬ 
city  density  has  maximum  value  which  is  proportional 
to  the  chirality  parameter. 

In  the  case  of  the  fast  mode  oblique  inciden¬ 
ce  on  inhomogeneous  plasma,  the  plasma  resonance  point 
is  always  placed  in  an  evanescent  layer  and  its  thick¬ 
ness  increases  under  the  chirality  growth. 


THEORY  OF  MULTIPLE  SCATTERING  FROM  SYSTEMS  WITH  BOUND 

STATES 
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A.  Maradudin, 
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The  interference  of  the  multiply  scattered  random  fields  gives  raise  to  a  wide 
variety  of  physical  phenomena  such  as  strong  and  weak  localization,  backscattering 
enhancement,  memory  effect  etc.  Once  these  phenomena  have  been  discovered  in  media 
with  volume  fluctuations,  it  was  found  during  the  recent  few  years  that  they  may  come 
into  exsistance  due  to  surface  scattering  also.  Although  the  processes  of  reflection  from 
the  surface  irregularities  have  much  in  common  with  volume  scattering,  there  are  many 
distinctive  features  which  sometimes  produce  new  and  rather  suiprising  and  unexpected 
effects. 

If  the  roughness  sizes  are  large  compared  with  the  wavelength ,  multiple  scattering 
are  provided  by  reflections  of  beams  from  different  randomly  oriented  parts  of  the 
surface.  In  the  opposite  case  of  slightly  perturbed  interface  multiple  scatterings  are 
usually  disregarded.  This  largely  stems  from  the  fact  that  a  wave,  after  having  been  : 
once  scattered  from  a  slightly  rough  surface  to  the  upper  half-space,  propagates  in  a 
homogeneous  medium  without  further  interaction  with  the  scattering  boundary.  In  order 
to  understand  where  the  effects  of  multiple  scattering  comes  from  in  this  case,  one  has 
to  take  into  account  that  the  diffraction  from  surface  irregularities  makes  also  possible 
the  resonant  excitation  of  eigenmodes  localized  near  the  scattering  boundary.  These  may 
be,  for  example,  polariton-like  surface  waves  (SW)  or  modes  exsisting  due  to  the  size 
quantization  in  a  slab  bounded  by  scattering  interface.  These  waves  propagate  along  the 
boundary,  interact  repeatedly  with  the  roughness,  and  being  transformed  into  volume 
waves,  give  rise  to  enhanc^  diffuse  scattering  in  the  antispecular  direction.  The 
localization  of  surface  waves,  and  effective  absorption  caused  by  their  transformation 
into  volume  waves  (VW)  are  the  main  factors  which  form  the  field  in  the  antispecular 
direction  and  lead  to  a  new  scattering  peaks  to  be  observable.  It  is  significant  that  in  the 
presence  of  fluctuations  surface  wave  (SW)  is  not  a  pure  two-dimensional  object  since  it . 
is  connected  with  upper  volume  through  scattering. 

•  Under  some  assumptions  this  connection  may  be  taken  into  account  by  means  of 
effective  absorption  in  the  Shrodinger  equation  with  effective  complex-valued 
potential  which  describes  SW  propagation  along  the  surface.  The  real  part  of  the 
random  potential  provides  resonant  scattering  of  SW,  imaginary  one  represents 
nondissipative  attenuation  caused  by  the  transformation  of  5W  into  volume  waves 
(leakage).  This  leakage  is  indispensable  in  the  SW  propagation  on  real  surface.  It  is  ' 
very  important  distinctive  feature  which  differentiates  51Y  on  random  surface  from 
volume  wave  in  random  medium,  and  gives  rise  to  some  characteristic  properties  of - 
backscattered  enhancement,  its  shape  and  magnitude  being  now  dictated  by 
characteristic  relation  between  the  leakage  length  l,^,.  and  SW  scattering  mean  free  path 
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'i^  ;  In  fte  case  of  rough  dielectric  surface  with  large  refractive  index  n  die 
inequality  /i^  <  <  holds  even  for  absolutely  nonabsorbing  media,  which  means 
that  multiple  scatterings  of  SW  are  not  very  much  essential,  and  enhanced  backscattered 
peak  is  completely  described  by  second  order  approximation.  In  opposite  case 
interference  of  multiply  scattered  SW  has  to  be  taken  into  account 

carefully. 

From  the  mathematical  point  of  view  the  description  of  the  interaction  of 
eigeiunodes  with  rough  boundary  allows  for  approach  which  is  general  for  all  systems  with 
discret  spectrum,  independent  on  the  physical  origin  of  eigenmodes.  This  approach  is  based 
Oft  the  fact  that  in  the  case  of  weak  disorder  the  averaged  Green  fjnction  of  such  a  system 
has  a  well  emphasized  pole  structure.  The  unperturbed  Green  function  Go(p)  has  the  pole 
St  p=^g  Of  interface  is  a  boundary  between  vacuum  and  dielectric  medium  with  e  <  -1)  or 
a  set  of  poles  {pn),  corresponding  to  size  quantization  (due  to  the  finiteness  of  a 
slab  with  e  >  1  in  the  z-direction)  .  In  the  case  of  weak  scattering /  »  (Ap„)'V(/ is 
the  mean  free  path;  Ap„  is  a  characteristic  distance  between  poles  pn),  the  averaged  Green 
function  G(p)  also  has  a  well  emphasized  pole  structure  and  can  be  represented  in  the 
form 

G(p)  =  Greg(p)  +  Gsing(p),  (1) 

where  Greg(p)  is  a  smooth  function  related  to  the  continuous  part  of  the  spectrum  and 
Gsing(p)  describes  the  behavior  of  G(p)  in  vicinities  of  poles 

N  ,, 
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where  r(p)  is  the  mass  operator . 

Single  Interface  with  Folariton  Eigenmode 

In  this  case  G^fp)  has  the  single  pole  at  real  p  =  pg  (discrete  spectrum)  which 
corresponds  to  surface  waves  (5H0  with  wave  number  pg,  propagating  without 
attenuation  in  different  directions  along  the  surface.  Continuos  spectrum  describes 
volume  waves  (VW),  which,  being  reflected  from  the  surface,  propagate  in  the  halfspace 
z  >  0  at  angles  (|>  =  arccos  p/k^.  Thus  there  are  two  well  defined  regions  in  momentum 
space.  The  first  one  is  circle  |pj  <  which  corresponds  to  phase  volume  of  waves 
propagating  above  interface  in  free  space.  Another  one  is  circumference  \p\  —  Ps  > 
that  corresponds  to  isolated  point  of  spectrum  -  surface  waves  propagating  along  the 
interface  with  wave  numbers  pg  and  decaying  exponentially  in  transverse  to  interface 
direction.  Inhomogeneity  of  interface  causes  scatterings  between  different  volume 
modes  inside  region  |p|  <  Icq  (VW  o  VT^  as  well  as  between  surface  ones  (5W  o 
5H).  Scattering  mixes  waves  of  different  nature,  causing  excitation  of  51V  by  incident 
wave  (VW  <->  5110  and  leakage  of  surface  wave  into  free  space  (51V  o  VTl^.  This 
interaction  leads  to  broadening  of  discrete  spectrum  and  smears  boundary  of  volume 
waves  region  in  phase  space.  If  scattering  is  weak  enough,  so  that  /’*  (/-  mean  free  path 
)  is  much  less  than  distance  p^  -  between  two  different  regions  in  momentum  space, 
it  is  plausible  to  consider  them  as  well  distinguished  and  weakly  affected  by  each  other. 

In  this  case  coordinate  representation  of  the  51V  part  of  the  Green  function,  may 
be  written  in  the  Sehxodinger  equation  form: 
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A  +  Ps)Gss(r,r*)  +  (v^^Cr)  +  iv^  )  G^s  (r.r’)  =  5(r-  r’)  (3) 

where  V55  is  proportional  to  a  sum  of  the  Fourier  garmonics  of  surface  deviation  with 
wavenumbers  close  to  0  and  i2pg  (517  <->  517  scattering)  and  is  proportional  to  the 
part  of  the  mass  operator  corresponding  to  the  integration  over  wavenumbers  less  k 
(517  VW  scattering).  ® 

Thus  the  problem  of  derivation  of  SW  Green  function  is  reduced  to  the  problem  with 
scattering  potential  v^j  and  effective  attenuation  Vy  which  is  of  nondissipative  nature, 
but  is  connected  with  transitions  from  surface  waves  to  outgoing  volume  ones.  The 
entire  scattering  rate  v  is  made  up  of  two  parts  v  =  v,  +  which  effect  the  two- 
particle  Green's  function  (scattered  intensity)  in  different  ways.  Frequency  v,  is 
connected  with  517  o  57/  elastic  scattering  on  random  potential  v^s  and  may  result  in 
517  localization,  whereas  v;  comes  from  the  imagina.ry  part  of  potential  and  therefore 
leads  to  the  effective  attenuation  of  517.  In  the  leading  approximation  in  (pj/)  *  we 


WPsc.%)  -  4a(Ps^^a(pjjj)  |G(Psc)P  {  7(Ps^,pj^  +  W  }  jG(Pii,)P  (4) 

In  the  case  of  slightly  rough  dielectric  surface  with  large  refractive 
index  n  (I//1  <  <  1)  517  leakage  to  the  volume  is  strong  comparative  to  517  <->  517 
scattering  and  inequality  holds  >  >  v,  It  is  clear  that  under  this  condition  multiple 
scatterings  are  suppresed  by  effective  attenuation,  and  y(Psc.Pin)  may  be  expand  in 

powers  of  v,  /  <  <  1  up  to  the  second  order  only,  which  leads  to  the  following  form 

of  enhanced  backscattered  peak 

Y(P«.Pj  =  W -h  (l-H  (5) 

where  /k.fc=Vs/Vy  is  leakage  mean  free  path,  d  is  the  dimensionality  of  the  surface 
roughness. 

If  leakap  of  517  to  the  upper  halfspace  is  weak  v;  <  <  v,  _  which  is  the  case  , 
for  example,  if  n  >  1,  517  multiple  scatterings  effect  drastically  the  antispecular 
reflection,  and  infinite  series  of  diagrams  in  r(Psc,Pia)  must  be  summarized.  To  do  this 
the  self-consistent  theory  of  localization  can  be  used,  providing 


ld..<P»=.Pi„)  =  4a(p^a(p^)|G(p^|2  w{  (6) 

where  diffusion  coefficient  D  is  the  solution  of  self-consistent  equation 


D  md  Jn^q-DQ^’ 


Qo4*l 


Solving  this  equation  one  can  find  D  =  VyO^l^,  where  a  ~1  for  ID  and  for  ' 

2D  case.  The  first  term  in  brackets  in  Eq.  (6)  with  D  gives  then  the  enhanced 


backscattered  peak  of  the  same  magnitude  as  background  and  of  width  (AS  f=vjDq^ 
Slab  with  Size-Quantized  Eigemodes 
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Using  mutti-poles  stmcture  (2)  one  can  calculate  Idif  upon  summanzmg  ladder’ 
and  maximally  crossed  diagrams  ,  which  results  in 

Idif(Psc.Piii)  == 

where  Q=  Pin"*"  Psc» 


W 


M(Q)-w/dpG(l>+^GXP-?)  =  ’^  + 


n  Cn  2®n2m  ^  „ 

VBm  =  y(  an  +  am)  ,  an—  anm-^n^  >  PnmT^n-Pm- 

The  angular  distribution  of  scattered  intensity  IdiKPsoPin)  peaks  when  the  function 

M(Q)  takes  its  maxima.  When  jQl  »Vn  ,  IQ+Pnml  ''nm  function  M(Q)  <<  1  and  I^jf 
is  a  smooth  function  of  scattering  angles,  determined  by  the  first  term  in  curly  brackets  of 
Eq.(8)  0adder  approximation).  In  the  vicinity  of  the  retroreflection  direction 

(IQi  :S  Vn .  IQ-pnml  »  Vmn)  the  main  contribution  to  M  comes  firom  the  term  with  n  =  m 

and  describes  the  well-known  backscattered  peak. 

When  the  direction  of  scattering  occurs  in  the  -ricinity  of  one  of  the  angles, 
detennined  by  the  equation  |Q1  =  Ipnml  (n^m),  the  n=m  term  in  M(Q)  can  be  neglected 
whereas  the  one  non-diagonal  ones  contributes  essentially  and  provides  well-pronounced 

additional  peaks  of  scattered  intensity.  ,  ,  • ,  t- 

For  example,  in  the  case  of  S-polarized  wave  scattered  from  a  slab  with  a  slightly 

rough  interface  z  =  d  +  ^(x)  ,  potential  v(p,q)  can  be  represented  in  the  form: 


radiation  CHARACTERISTICS  OF  AN  ELECTRIC  CURRENT  ELEMENT  OVER  A  HIGH^ 

INTRINSIC-IMPEDANCE  SURFACE 
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Technology  Research  International,  Inc. 

26672  Agoura  Road,  Calabasas,  California,  USA 

ABSTRACT 

Electromagnetic  fields  due  to  an  arbitraty  electric  current  element  over  a  high-intrinsic-  tmped^ce  surface 
have  been  examined  herein.  The  formulation  of  the  problem  is  similar  to  that  of  Sommerfeld  s  Problem  - 
involving  radiation  in  the  media  comprising  of  two  semi-infinite  half-spi^s  such  as  fte  air  and  ei^ 
although  the  radiation  characteristics  in  air  appear  to  change  dramatically  as  the  partially  conducUng 

earth's  surface  is  replaced  by  a  high-impedance  surface. 

INTRODUCTION 

As  a  conformal  antenna  on  aircraft,  a  cavity-backed  antenna  is  often  used  to  enhance  the  ^tenna 
directivity  and  effectiveness,  particularly  when  the  radiating  or  receiving  antenna  elem^t  is^arallel 
close  to  the  highly  conducting  or  a  vety-Iow-intrinsic  impedance  surface  such  as  the  aircr^  skin  The 
cavitv  in  such  a  case  deters  the  radiation  toward,  or  reception  from  the  backward  direction  of  the  antenna, 
and  its  effect  may  be  viewed  as  a  high-impedance  connected  in  parallel  with  the  antenna  te^mals. 
Similar  effects  may  be  expected  when  the  radiating  or  receiving  element  of  Ae  antenna  is  placed  over  a 
very  high  intrinsic  impedance  surface.  Such  a  possibility  may  eliminate  the  need  of  a  cavity  without 

affecting  antenna  directivity  or  effectiveness  adversely. 

One  way  to  gain  an  insight  into  the  problem  is  to  examine  the  effect  of  such  a  high-impedance  surface 
on  an  antenna  without  a  cavity  by  evaluating  the  radiation  characteristics  of  an  arbitrary  current  element 
at  *e  interference  of  two  semi-infinite  half-spaces,  one  corresponding  to  the  air  or  free-space,  and  the 

other  having  an  intrinsic  impedance  many  times  larger  than  that  of  free-space. 

The  classical  problem  of  the  electromagnetic  radiation  from  an  antenna  situated  near  the  growd  or  earth's 
surface  and  cariying  a  current  periodic  in  time  was  formulated  by  A.  Sommerfeld ,  who  derived  the  field  • 
solutions  in  the  form  of  a  single  definite  integrals.  In  principle,  one  may  obtain  from  this  bnae-perio^c 
solution  the  solution  corresponding  to  an  arbitrary  variation  with  time  of  the  current  in  the  antenna.  The 
Dfoblem’ of  radiation  due  to  an  electric  current  element  in  two  adjoining  semi-infinite  half-spaces  has  been 
addressed  by  many  researchers*^  since  Sommerfeld.  although  in  all  cases  one  of  the  two  media  is  assumed 
to  be  highly  conducting  with  its  permeability  same  as  that  of  the  other  mediunn  or  free-space.  In  ge"®™- 
the  image  of  a  horizontal  current  element  at  the  highly  conducting  medium  substantially  cancels  the  field 
due  to  the  current  element  due  to  an  effective,  near  unity  negative  reflection  coefficient  at  such  a  surface. 
If  this  reflection  coefficient  could  be  made  positive  by  replacing  the  low-intnnsic  impedance  of  the 
conducting  medium  with  respect  to  the  free-space  by  a  high-intrinsic  impedance  surface,  one  should  expect 
a  substantia]  change  in  radiation  characteristics.  This  turns  out  to  be  the  case  as  evidenced  in  the 
discussions  outlined  in  the  following  sections. 

formulation  OF  THE  PROBLEM 

Let  the  radiation  from  the  horizontal  electric  current  element,  carrying  a  periodic  currenfand  situated  at 
the  interface  of  a  high-intrinsic-impedance  Medium  1  and  a  free-space.  Media  2,  be  considered  first.  The 

electromagnetic  field  In  this  case  may  be  derived  from  the  Hertzian  Vector  fl  that  obeys  the  non- 


homogeneous  wave  equation. 


S  =  jQc  V  j  n , 


£  -  0*3  *^  V(V .  3) 


where  a  time  factor,  e^.  «>  being  the  angular  frequency  is  a^umed  p*  =  o*  ji  c .  ® 

respectively  the  permeability  and  dielectric  constant  of  the  medium.  J*  is  the  clectnc  current  density  at 


US 


sourc©  snif  M  wid  S  src  Ihc  sicctnc  ind  nu^pnetic  field  intensities. 

let  Jp  ■  u,pS^)h(y}6(iz  '  h)  where  pis  the  dipole  moment  for  the  current  element  oflengthL,  such 

that  p  =  UMt^(IL),  is  a  unit  vector  along  x  in  the  cartesian  coordinate  ^stem,  5  is  the  delta  function 
ano  h  is  the  hight  of  the  current  element  above  the  interface  of  the  two  media  in  Medium  2.  h  approaching  zero 
being  the  case  of  interest 

It  is  well  known  Aat  unlike  a  vertical  electric  current  element  for  dte  same  two  adjoining  half-spaces  under 
consideration  diat  requires  only  the  vertical  component  of  11,  the  horizontal  current  element  requires  both  x 

and  z  components  to  satisfy  the  boundary  conditions  at  the  interface.  Let 

^  i  <  0  ,  n  -  ,  z>0  (2) 

being  the  interfile  between  the  two  media. 

From  (i)  and  (2)  one  obtains  4  scalar  equations  given  by: 

♦  pf)n^  « ♦  p|)n^  .  (V®  + 

udiere  suffices  1  and  2  denote  respectively  die  parameters  relating  to  Media  1  and  2,  the  interest  here  ‘ 
toeing  confined  to  the  Medium  2. 

From  the  two  dimensional  Fourier  transforms  and  the  boundary  conditions  that  the  tangential  electric  and 
magnetic  field  intensities  must  be  continuous  at  Z  *  0,  one  may  write  the  solution  for  and  He  is 


^  -Ta  U  ♦*) 

Mi  Yj  -  RiYi 

tj 

>*itj  ^  ItjYi 

i  i[  Yj  tj  liiYj  ^  ItjYiJ 

« _ f  f  f  ~ 

ar  i  [  (€jY,  +  c,TjX|ti  Tj  +  FjT|)j 

where  y?  *  +  <1*  -  P*  ,  yI  *  ♦  ij*  Pf 

Subject  to  the  approximaticMi 

t  1*1  >  >  l*j  and  in  reality  e,  >  Cj 


4*oe, 


vdnere 


iff  =  +  y*  +  (z  -  hf  p’  ♦  (z  -  hf  -  -  4xh 

and  J,^f  hj^(Xp)e-^»^*^\XdX 

•  I2 


j0(x)  b^ing  tiie  Bessel  function  of  ihd  first  kind  of  X. 

The  striking  difference  between  the  principal  component  of  the  Hertz  Vector^  tiiat  is  1^  due  to  tiie  same 
current  element  along  the  x-direction  for  the  cases  of  the  conducting  earth  and  tiic  high-impedance  stirface 

may  be  noticed  in  (6).  More  specifically  for  the  earth-free  space  case. 

:4'ito.e, 


whMe 


B  ~  2  /  j;i(Ap)/(Yi  ♦  Ya) 


As  noted  by  Spmmerfeld  and  others,  H  0  for  an  infmitely  conducting  eardi.  SMlariy  I,  0  as  *e; 
intrinsic  impedance  of  the  Medium  1  approaches  infinity.  For  such  cases,  ^  is  rmnforc^  by  the  image 
for  the  high-impedance  surface  while  it  is  cancelled  for  the  highly  conducting  earth,  parteculariy  ^en  h 
0.  For  the  completeness  of  the  field  analysis,  one  needs  to  examine  all  the  electric  and  magnetic  field 
intensities  due  to  the  current  element  situated  at  tile  interface  of  the  high-impedance  surface  and  free-$pace 
,ih:'Mediun(t:2..7From:^^^^^  : 


■(«•*) 


dxdy  dydz 


The  conyentional  means  for  evaluating  the  integral  first  to  replace  Jo(^)  by  and 

extend  the  limits  of  the  integral  from  to  »,  since  «/()  (*)  *  +  !•  The  next  step 

is  to  express  the  integral  oVer  a  contour  closed  by  a  semi-circle  in  thelower  h^f  of 
indention  along  the  branch  point  X,=Pj  ,  Ae  branch  cut  being  from  A,“Pj-iO  to  Pj -j*  in  ^  loyw  half 
plane,  die  other  branch  points  being  avoidable.  The  major  contributions  toward  ^e  inte^  in  inoset  cas^ 
of  int^est  ^ove  is  fi-om  the  residues  poles,  the  value  of  each  integral  being  -2ig  times  tiie  residue 
at  the  pole.  One  thus  obtains,  subject  to  approximation  in  <(5). 

*  *»•«,  St  i,;,^  I 


V  as*J-  2*«€,  (|i|€,  as  |ij 


1^1  and  th  being  die  intrinsic  impedances  of  die  Medium  I  and  MeilBum  2  ^i^vely. 


•  ^itP^  e  Jiff*  (P^p)  «t^  -  Cit/2) 


as  4-0 


*  d  *  Pjfl|/^a 
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omtributk^  fidd  ecm^nents  and  due  to  ^  become  uegligtfate-in  comparison  > 

with  those  due  to  Even  for  the  field  component  E^,  the  contribution  due  U>  ic^  becomes  vanishingly 
small  as  T|,  /i^j  and  |i,  /|JL2  approach  large  values.  Thus  the  electric  field  components  in  Medium  2,  for 
4  —  tan*^*  may  be  writt 


—J) ,  s«4>  e<w4> 

dp^  dp^ 


C<w4»  -r^/ 
dpdz 


Since  and  - — —  contdns  only  terms  to  1/iit  ,  t/^a,  etc,  their 

:  ,3p2-  Y  d^pdz  ■ 

contributions  in  the  radiation  zbne  becomes  negligible.  Thus  becomes  dre  dominant,  if  not  the  only 
electric  field  at  the  radiarion  2^  vdien  Medium  I  is  a  hi^^iy  conducting  with  a 

very  low  intrinsic  impedance;  although  still  proportiond  to  Cos 

component  Equation  (12)  then  shows  that  a  conformal  a^^^^  situated  at  and  parallel  to  the  ground 
plane  codd  be  efTecdve  without  a  ca\rity  at  the  base  provided  the 

high  by  employing  a  very^ow-conductivi^^  and  high  permeability  material  such  as  a  ferrite.  Also,  the 
high^mpedance  gfouiid  plane  in  such  c^es  need  not  extend  to  infinity  and 

digbUy  larger  than  what  to  aei<?mmodate  the  current  element  may  be  adequate.  Additionally, 

one  may  note  that  the  radiated  electric  field  intensity  in  the  presence  of  is 

twice  as  large  as  is  obtd^^^n^ 

To  examine  the  sca^  such  an  antenna  element,  one  may  first  determine  the  current  distribution 

at  the  antenna  by  the  moment  method  while  using  the  expression  for  E^,  given  in  (6)  as  die  Green's 
funcUon.  By  equating  field  at  the  antenna  due  to  the  impinging  field  and  due  to  die  coir^t 

induced  at  the  rmtenna  by  such  a  field  to  zero,  one  obtains  tfie  current  distribution,  &>nvmtional^  m^ 
can  dien  be  used  to  determine  the  scattering  characteristics.  Such  techniques,  being  well  known,  are  not 
^scussed  further  in  this  paper.  ' 

;  -A  ..  . 
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ABSTRACT 

Aft  iMitfiMTn  geometricfll  Ifaeory  of  difitaction  been  obtained  aii  afi^^n^^otic 

foliition  of  the  ti^ee<^diineiisional  problem  of  &e  di^action  of  electroiiBSgneUc  nudiation  ^  o 
aibttrarily  oriented  and  eitusted  vibrator  on  an  ideally  conductmg  M  of  a 

rectsngiilEr  form.  There  have  been  worked  out  fest-acticg  algoryttaw  and  pi^grams  fiy 
aiid  ai^yzing  normalized  amplitude  dire^^  patterafi  of  xmcrostrip  antw^  and  vibrator  wifii  a 
acreen  in  different  observation  pl^e8.  CoG5)sriQg  die  kno  calcidatipns  within 
shown  that  the  worked-  out  dgorythm  provides  sufficient  accuracy  beginiung^^w  screen  sizes  of 

the  crder  of  die  wave  length  for  a  jmaali  vibrator  distance 

in  fte  ni^^  fte^^  irsteresting  aspecte  is  <£fiS'nctioe  of 

^loctromagnetic  waves  on  metallic  screens  this  problwa  diere  are  used  bodi  die  iote^ai 

Equation  Fonnulation  (lElO  ^^roxiinated  teclhuc^  based  on  assunnptioas  of  Physical 

O^CB  (PO)  f  1  j/  Calcid^on  is  complicated  aid  requi^  plenty  of 

computaiiba  time,  PO 1^^  errora  when  calodat^  radiatioit  Using  the 

imiform  ^ometrical  theory  of  diffi^don  m  our  report  diere  teve  beai  obtained  the  asyndetic 
solution  of  the  diree-dimenBional  problem  of  ^  of  electromagnetic  radiation  of  an 

vibrator  on  ideally  conducting  infiidtely-thin screen  of  s^r^  in  cases,  whaa  vibrator  is 

perpendicular  to  a  Bcrera  and  paralM  to  a  larger  or  a  smdler  side  cf  screen  hi  a  Acat  wave 
spfa^ximation,  supeiposiriGn  of  these  determine  a  field  of  an  arbitrarily- 

orieEted  vibi^or  to  a  Bcrven  There  have  been  worked  out  f^-actii^  algoT^^ 

^culating  and  analyzii^  direction^  properties  of  the  vibrator  anlepxias  with  a  SCTeen  ovw  the  whole 
ObserVatton  ^ace.  M  tte  same  time,  in  [  2J  there  have  been  compared  our  calculated  directive 
patterns  (DP  )wito  toe  known  ones  cal^  gape  ^ometrical  pametets^^^^^^  of  toe 

lEF  aid  PO  metobda  It  is  shown  tost  the  worked-out  algorytbm  provides  i^li  Ale  xes^,  beghs^ 
wito  toe  Bcieen  sizes  of  toe  (^der  of  the  wave  length  for  the  vibrator  being  distant  frmn  the  acreeB  in 
this  case  not  more  toan  0,3^  >  With  increasing  the  screen  size  ,aa  accuracy  ^propriato  fer  practice  m 
provided  when  having  toe  vibrator  at  a  larger  distance  frwnlito  sicro^ 

Let  us  infroduce  a  Carte  X,Y,Z  (  l  screen  aidee^^^^^  a^ 

tndil^  respecdvely.  A  symmetrical  elec^  vibrator  i«d  as  a  ratoator  it  at  the  bei 
toe  screen,  being  inclined  with  respect  to  toe  Z-  aris  at  toe  migle  p  .The 

geomeiricai  -optical  (00)  field  of  toe  vib^r  with  plane  screen  is  based  on  11^  of  unages 


119 


eupp^sii^&rh^mte  dzes  of  &e  ideally  cosductiisg  screeo  its  r^Iacemeitf  widi  iin^-radiatar 
of  a  rejected  wave.For  a  vibrator  situated  in  the  plane  ZY,  we  resolve  the  current  I  flowing  in  the 

tilled  vibrator  Wo  ahorizoMal  (ljj*iginp  )  and  a  vertical  con^aent  (iy=i  co*p  ).  For  the 


Mfesa  being  excited  by  the  oHrent  coa^oaeitflv  fte  GO  fields  of  the  incident  md  reflected  waves 
(i=l^)  iflfte  ferzone  are 


E6  i  i  (e,(p) » (-1)* + ‘  Eo  «qj  0kDI )  {coB(kicoae)<o8  kl  ]  /sin©,  (1 ) 


where  I}i  ==h«os(cdi  ’>  (|r)sin6  is  the  tr^ektoiy  difference  between  flie  rays  from  flie  centre  ofttie  i- 
radiator  and  tiiose  from  tiie  coordinate  system  brigih  to  the  observation  point;  ou  0,  n  is 
respectively  for  f=1^,  Eo=0.3jWo  (Idi/X,)  e3g)(-jlcR)/R  ( Idl/3,  is  the  Herzian  dipole  current. 
Wo  ==  120k  Glaa,  fc=2K/3L). 

For  the  Bween  being  excited  by  ti^  vibr^or  situated  in  a  XY-plane  and  oriented  at  fte  angle  4 
iio  the  X'Sxls,  ftere  have  been  derived  fte  eiqiressions  for  the  GO  field  as 

Eaii(6,9>=^F±C6.9)  eo8(q>*<;i)cflse,  E9Xi(e,«p)^F±^(^^^  (2) 

F±(e,#=€oezp0kDi){fiO8(MBmecos(<p-p'))»cosW]/[l-8ilF©c^^^  (3) 

TSie  DP  offhe  edge  wave  wife  a  phase  ceifte  in  fte  origin  of  its  own  coordinate  ^stem  on  fee 
&-e%e  (RiSjfti,  qa)  of  fee  sweea  is  defined  as  the  DP  of  fee  wave  diffi^ed  by  an  ideally 
coadiotu:^  half-plane  mideF  excitii^  by  a  dipole  or  its  unage/  ff  fte  i-iaft'ator  is  parallel  to  a  screen 
edge;  frien  ^  electric  ftr-zone  field  of  fee  primary  diffiaction  wave  is  givW  by 

E#®(%<p>=E^i  (e,9)T(^).  T(5m)=d:[<b(|^|  j^).l]/2.  <4) 

Tfe  81^  "+"  stands  for  a  ligb*  region  of  GO  wave,and  that  of  *-^  is  for  n  shadfiw  age,  »=  |  71nTn 
siQfti)Vi  co8[(<po-qiin  yz]  ,  rb  and  q«n  are  fee  pola-  coordinates  of  fee  i^raftattfr  in  its  own 
^Btem  (m  the  n-e(^. 

In  case  when  fte  radiator  is  {^ipendiciilar  to  a  screen  edge,fte  electric  field  inteiiBtfy  is 


E0iJn(d,^}^£GLLi(6;,(p)T(i|m>pco8€bsfti((}^  (5) 

E<pim(6,f)=EqUj  (6,#T(§m)-pcm8(<^  (6) 

p  =  sm  /2  )  [  2  /  (  s  k  rin  sihGb  )]'/4  ejqj  [ -j  ^  in  sbfrO  +  x/4  - 

Us©  fields  of  fee  twicslydiffiacted  waves  between  fee  parallel  screen-edges  are  described 
fee  iimfisin-  itftservation- aitgle  asyn^totic  ejqnvBsira 

Esim  ^  [  ±®(  j  4jjq  I  V  j  )  - 1  ],  «►  (  §  j?4>>=2  a  -  *4  exp  (j  w  /  4  )  |  exp(-jF)  df ,  (  7  ) 

^2kLsiis0  sia{  45-(p^  ),  4i2*  ^2kLsin0  cob(  45-<p'2  ) ,  (8 ) 

^j^’^Tk'Wcovp  co^2,  '^^2kWco■<p  8in6/2 .  (9) 


bouadarieB  "  li^-Bbsdow«  ^  aa  a  curved  square  A-B'CTD'.  Hie  boundaries 

fcose  of  a  spherical  wave  refie^ed  fr  „a  nf  these  souffi^a  The  edge  rsys  breaking  at  angle 

are  easfwten  a^or  is  above  a  centre  of  the  screen. 

ooials  of  the  scfees  lona  cones  01  anaaow.  i«  tiw  ^ 

aemivertex  as^es  of  &e  coa^fi  for 

+  /(W«F],  P3.4“a«dsH  /W2fl 

■  r  4  nPa  (  20  la  fl  E I  /  I E I  )  in  the  different  observation 

Fis-2  sba.v.  tfcena^®d  DPs^^  excited  by  the  electric 

ptases  for  the  screen  wilii  die  stde^  .  _  ,  ^  ppa  for  lhe  ^ 

kpcle  orier^ed  ^  ■ 

fcr  Ercoa?>onenL  Because  of  the  DPs  are  defined  oy  oisconunm  y 

hcLed  fee  ffamtiar  lieht-regiopg  fee  OO  md  tiie  edge  waves. 

tre  ■  ,  .  ^  / 


.)=  0. 


’)  =  EeU2  +  Eeia . 


1{<P=90")  “  (  E2-^  Ej,>t-  El..  E(»=0®)  *Eqo  +  (E4+  £«)+  Ej.  (13) 

to 

bee.™,  to  .de.  >™v«  rf ^  S^ed fold?,  ftlr.  to  r.S^.dge’^  <  R»  M  )■  11- 

DiriUe  bom^  condiO^  to  ™»  of  GO  Sdd  «d  to  dittoed 

ladiafion  field  cainpwwotB  lEider  t?=w  A  rig- 

field  <Ki  &e  nearest  screen  edge. 

(.,  y.  Ptae^.  D.  B^dtov 

pl^e  reotfingalaf  screes”,  Radiotefchnika,  (199  ),  ,  pp. 

OK  Oofobot  N.  Hioo^vo  :  ■  Algtoto  “SI 

r mT^  “SC  .»d?tolli.o.  miopbod,  S««opol,  wndno.  Oobtor  WO 
.1992,pp.549-554. 
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RADIATION  OF  VIDEOPULSE  BY  FINITE 
LENGTH  DIPOLE  AJNTENNA. 

.N.N.Gorobelz,  J.Yu.  Shavoiykina,  A.V.  Nechosa(Usma) 

Electrodynamics  department,  Kharicov  State  TJnivarsity 
4  Svoboda  Sq.,  Kharicov,  p.o.3I0077,  Ukrait» 

( Phone:  0572+45-71-75;  Fax:  0572447-12-72  ) 

ABSTRACT 

Pulse  radiation  of  linear  vibrator  is  investigated.  The  exact  formulas  for  £  and  H 
components  of  electromagnetic  field  were  obtained  for  the  cases  of  an  arbitraiy  vector 
source ;  a  linear  source  with  an  arbitrary  tiroe-depend^ce  of  the  indnrtng  curreid  daisity 
and  the  case  of  pulse  inducing  current  as  a  re-entering  discharge.  Last  case  was  ifelalfy 
investigated  by  means  of  conqjuter  analysis  of  fte  exact  formulas.  Dependences  of  the 
radiated  pulse  shape,  duration  and  amplitude  on  distance  from  die  antenna,  on  time  and  on 
observation  directions  were  studied.  The  exact  formulas  allowed  to  cany  out  4»i0 
investigation  for  near  field  zone,  far  field  zone  and  between  fliem.  The  question  of 
deteimination  of  these  zones  for  pulse  radiation  is  discussed. 


(h-owing  iq)  for  the  last  years  interest  to  hmisiedt  (  unharmonic  )  signals  is  cmBiected 
wifli  an  extension  of  possibilitiespf  their  application  and  generation.  One  well  knows  the 
areas  of  nonsinusoidal  signal  ^plication  from  pulse  weattier-independent  higb-resoluti<Hi 
radars  iqj  to  radiocomraunication  widi  deeply  dipped  submarines. 

Li  the  present  work  the  radiation  of  superbroadband  pulse  sigtia!  by  weddy-directed 
exciters  (Geitz  dipole  and  wire  anteima of  finite  size  )  is  investigated.  . 

RADLATION  OF  LINEAR 

Letus  consider  a  radiation  of  Hertz  dipole  as  a  linear  vibrator  widi  a  lengdt  equal  1 
with  an  arbifraiy  time-dependenee  of  in^cing  current  described  by  flie  fiitirtion  ^t/), 
r=(i,y,z).  For  electrical  component  of  electromagnetic  field  induced  by  a  SKHirce  with 
current  density'  J  but  Of  presence  of  other  sources  the  follows  wave  equafixm  tak^  place 


rotrotE+ 


1  a*  _  4x  d 

—— 'Esb.,--. - 

v*  a  *  c*  a 


wbc  re  v=  c/  Ve,  b  is  a  medium  dielectric  permittivity  .  The  solution  of  fiiia  equation 
can  li>e  fiumded  as  a  conv  olution  of  Green's  fimction  of  the  lefi  part  of  die  equation  with 
the  free  term. 


wiiem  Greerfe  fiinctioa  is  detenninated  by  flie  follows  expressions  found  indie  paoerfl]: 


6  =  i(graddiv- 
s  ‘y  « 


fCu-s") 


where  s  and  ur®  Sjur-disaoncional  vectors  of  spatial  coordinats  and  time  x=(^),0  is 
Heviside  Bnitfimctioa  T;ddpg  into  acount  that 


(A-  i_-£)f(x-S*)=-4«(t- 1'-  !!^)5(lr-fl). 
V®  a  V 


the  foliowi^  ©spressioa  for  fee  field  E  out  of  the  source  can  be  found: 


"Ilus  fbnmda  detennines  fee  radiation  of  an  arbitrary  vector  source  with  an  arbitrary 
dependence  of  inducing  current  both  on  time  and  on  spatial  coordinates.  For  the  linear 
vibrator  of  finite  length  I  the  inducing  current  dencity  will  be 

|(t/}= 5{X)5<y)0(l/ 2- 2)0(Z+I/ 2)Kt).  ^  W 
where  6  is  Djrak’s  ^Ita-fimctioa 

Here  SI  arbitrary  time-dependence  of  I(t)  is  considered  that  one  can  consider  a 
stationar  source  as  well  as  a  transient  one.  The  vibrator  is  located  in  the  choos«i 
coordinate  system  as  the  figures  1  and  2  show.  In  the  spherical  coordinate  S3r5teni  wife  a 

center  in  flie  point  O'  with  coordinates  (raine,,  0,  rcos0. )  and  p  =  /r-  r*/  as  it  is  on  fie 
figures  l  and I  dle  expression  (5)  for  die  inducing  current  density  becames  the  follows 

S!n6^-psin0coB(l>)5(psm65in4)  («) 

0(1/2- rcos0,  +  pcos0)0(rGOS0, -PCOS04  l/2)l(t') 

Afier  iidegr^on  of  (4)  for  spatial  coordinates  accounting  (6)  one  can  considw  fce 

expression  for  the  field  E  inside  the  l^er /z/-<  1/2  as 


g  J  4t'  rsmou 


t-Q/v 


rsia6^  v 


ia4 


vi^iere  Q  =  -^/r*  sin*  6, 4  (r coaS,  4 1/2)?. 

Thic  formula  is  available  for  the  case  of  radiation  of  a  vibritfor  with  an  arbilraty 
time-dependence  of  the  inducing  current  density  both  for  stationar  and  transient  sources 
egressions  for  the  case  of  pulse  radiatioa  Hie  formula  (7)  can  be  integrated  for  f  for  the 
concret  ^e  of  the  time-dependence  I(t).  One  considered  flie  case  of  radiation  of  the 
current  as  re-entering  dischai;ge  [2]. 

(8) 

After  integrating  (7)  for  f  for  foe  current  (8)  and  rotrot  calculation  foe  followiitg 
expression  for  foe  fteld  £  tangencial  con^iODent  take  place : 


« 1=1  ^1 


4^Sllie^)l4 


fv2 


40(vt-  A(0.r)ij, 

vQ  ▼  Q 


•\2 


(9) 


where  2,,  =  1/t„Q’,  ,QV  ,Q",  and  Q"^  are  foe  derivations  of  Q. 

Analogical  expression  for  E  radial  component  and  for  fee  field  E  for  /z/  v  1 12  was 
obtained.  These  formulas  allowed  to  obtained  also  expressions  for  magnetic  component 
of  foe  field  using  Maxwell's  equations.  All  foese  obtained  expressions  are  exact  ones 
vfoich  allowed  to  study  foe  radiated  pulse  behaviour  in  near  field  zone,  far  field  zone  and 
between  foem.  Dependences  of  foe  pulse  shape,  duration  and  amplitude  on  distance  ft-om 
foe  antenn^  on  time  and  on  observation  directions  (  determined  by  the  angle  6  }  were 
investigated  by  means  of  computer  analysis  of  foe  obtained  fomMas.  The  qaestion  of 
determination  of  these  zones  for  pulse  radiation  is  discussed  in  connection  wife  foe 
obtained  results. 
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THE  QUASITHEEE»BIMENSIONAL  PROBLEM 
ON  EXSITATION  OF  THE  WIRE  SYSTEM 
LOGATED  ON  A  CHIRAL  HALF-SPACE 


Gshkady  Goshih I  Natalia  LuaiKA 

Siberiass  Pb^k»-Techaical  Inatitate 
l^volatioa  Sq•^  Is  Ibmsk,  6M050, 

AISC^P  aAOf?  •  Tit®  da^l  wltk  ik®  liivMtigAtioB  ol  tk« 

ctugki  Sal®  ayctew  lac&i&4  ®a  a  diiiE&I-*chirAl  iaiar£ftc«.  Tkt  rijocottf  foluUpm 
ef  tkc  psekWm  is  !wpx«s©Bt««i  Sy  Ike  Foariar  iaiagtalB*  Tke  ep^clBA  p£  ike  ®xciie)d 
ASA  «spbff®d  Aad  iat  Ike  fittc£ac«  wAvPe  otte-diteciioaeJ  «tt«s|cy  trAftemUeiom  Ar« 
Tko  pEoblesa  Is  devaisd  to  tke  desigalag  of  widobAnd  AaleanAt  witk  ik« 
A®®d«d  pdlArsjBod  dkA8Acto«tslic«  oad  aoatocIptocAl  devlcoe  at  micro wato. 


1,  in  the  electromagnetic  theory  of  the  chiral  media  are  absent  papers  devoted 
to  the  investigation  of  the  wire  system  located  on  a  chiral-achiral  inter- 
fece.  Dep»8adiag  on  concrete  applicsiions  wire  system  may  be  considered  as 
reS^tor  array  or  delay  system  which  able  to  wipport  surface  waves.  Sim¬ 
ilar  prpbleim  o£er  particul^  inters  in  the  connectioD  with  the  designing 
of  new  types  of  wideband  low-proSle  antennas  with  the  needed  polaxiaed 
characterisiics  and  the  corresponding  transnuBsion  Imes  at  microwave. 

2.  Let  us  consider  in  a  Cartesian  coordinate  ^tem  »,  y,s  a  plane  s  =s  0 

perfectly  conducting  in  the  diractions  mating  up  angle  with  the  positive 
axis  s  direction  and  non-conducting  in  o^er  directions.  A  plane  is  situated 
on  the  interface  of  the  two  media.  Region  1  (i  >  0)  is  magnetodielectric 
with  the  pairameteis  r  j  ,/i  j .  hSedium  2  ^  0)  rcpr^ents  chual  half-space 

with  the  real  pMameterB  *a#a,r.  The  parameter  of  the  chirality  i  enters 
through  the  constitutive  equations /!/ 


>e^s  + 


where  Ce  =  ss  -f  msC*  •  When  ^  =  0  we  have  magnetodielectric  medium  with 
the  absolute  parameters  ca  i  /‘a  •  The  primary  field  is  produced  by  an  electric 
line  source  with  running  wave  current  distribution  /,*(y)  =  /,*e*’*'  located 
in  the  npper  half-space  parall^  to  the  y  axis  and  having  coordinates  xt,s%. 
The  time  dependens  is  aswumed  to  be 
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3  The  method  of  the  eolution  includee  the  introdaction  two  vectoCT  M  de- 
scribmg  the  fields  of  left  aid  right  circnlariy  ikiliirixed  waves  /2/  and 

priate  them  ecaiarpotentiabU*,  which  are  enperpoeition  of  the  normal  to 

the  interface  cksctrical  and  magnetic  vector  potentials  a;*-  .  In  ftee-wmrce 
region  potentials 17*  are  the  solutions  of  the  homogeneous  Helmholts  eqi^ 
tions  and  are  represented  by  the  Fourier  int^irals.  XJnloKwm  potential  a 
spectral  of  the  secondaiy  field  are  defined  firam  Uie  boundazy  eon- 

dirions  for  the  components  of  field  intenBities  on  the  plane  s  ss  O 

f  o(jB,  x  +  !?•?)  + B,  , +15,*  as  fit  ^  ^  ^ 


V  tt(»*x  +  ff*?)  +®*x  «  “-ffsa  +^e»t 
k  J5»  X  +  E«x  a®  r  i  +  ^f  I  *  ®»9t 


where'tt  ssctgif  and  primary  field  rsomponents  are  supplied  hy  the  , 

symbdr'O".  The  obtained  sdlution  for  t^  potentials  df  the  secondary  fiifld 
ill  th*  regions  1  and  2  has  the  form 

*/  V  «»f:®***  r  f 

(*’»♦*)*  i  “ 

Ki  . 

+ .^(H. +fc)[s-(., +,)±  (.,-.)] } 

I>(x,i?)  a+  »-  '■*1 

<  \  ro)  -  yi(s+^»^ 

.  •- *o)  + 1* »  -  Tx  H  4^ 

mhmc 

1>(»,,)  =  [(an  -  »)  ^  ^(«»  +  »)]  [(«»  -  +  +«)] 

+.  I2i  + It]  («) 

ts_  S+J  t  *» 

s,  -  Sj.  as  Sc(l  +  twc)i  «*  -  wV*»Ma>  7i  =  V**  +  -  a?, 

sc  ^*3  +  _  4  ,  w,  *  “  Vna/r,,  M*e  double  signs  cor¬ 

respond  to  the  double  potential  signs.  When  f  =s  0,  ij  ss  0,  u  *  oo ,  sdu^ 
(3)-_^4)  completely  coincides  wiA  the  solution  of  the  problem  on  exciiaiicm 
planar  interface  of  the  two  magnetodielectric  media  by  line  souim  /3/. 

4.  Frtmi  obtained  solution  follows,  that  there  arc  excited  both  continuous  and 
mgenvalue  wave  spectra  in  considered  system.  Wave  propagation  constants 
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•t  tlw  caoii]iB<M»  <|)«etri^  eamieet  with  the  hnach  pc^ts  7^  asi),  71  si) 
•nd  axe  pn^KKiional  to  the  plane  wave  propa^icmal  constants  in  infinite 
diirai  and  achiial  media,  Le.  and  si  =  0.  Evalnaticm  of  the  branch-eiit 
intcipraiion  fi»  the  branch  pc^t  Mj  ss  ±^xf  -  q’  yields  radiatimi  field  of 
the  eouioe  in  the  it|^>er  half-space.  Evaluation  ci  the  brandHcnt  int^ratioB 

Jbr  the  points  »»  a:  ^  •>  9^  and  —  db  )/a^  —  describes  the  htteral 

waves/4/. 

^genvalee  wave  tpectnutt  is  detennined^  cf  tiie  egnatiffiss 

3b  0,  whirii  in  general  case  will  be  complex.  When  )»}  >  ->  q* 

soots  axe  real  and  detennine  propagation  constants  of  the  snz&ce  waves 
which  connect  with  the  line  vnres  qystem  located  on  the  two  media  inter- 
fiue.  These  solntoos  fw  the  number  of  parameters  are  ^ven  cm  fig.l.  The 
mdstenoe  region  of  the  surface  waves  is  Inzuted  fay  dotted  lin^  When  the  in¬ 
terface  is  afasmit,  the  exjnession  lor  the  propagation  constants  of  the  surface 
waves  have  the  form 

»o  «  +  —  q/o,  (6) 

where  doable  rigns  correqmnd  to  the  signs  of  the  ineqnaHties  («  —  «o)^  0. 
These  quantities  cmrespond  quantities  of  the  cross  wavenumbons 

(fi) 

The  ccrndKikm  for  the  mnstance  cd  the  snzfaee  waves  axe  70  >  0  cr 
s  >  qV^l  +  e*. 

ft  iirilows  hmn  curves  on  the  fig.l  and  fo  (8)>  (^)  that  in  this  system 

surface  waves  have  difierent  phase  vdocititf  in  opposite  directions  and  one- 
directional  ener^  iranmnisrion  will  take  place  when  exist  certain  rriations 
between  parametms.  Similar  ^ect  may  serve  as  bams  for  the  designing  oS 
some  mieTostz^  nonreciprocai  devices  at  microwave. 

The  reseaxdb  reported  in  this  paper  was  supported  by  the  RnsraBa  FVmd 
cd  f^damental  hayesti^tions  (Project  93  -  03  r' dS48). 
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CALCULATION  OF  DISPERSIONAL  CHABACTERISTICS 
OF  MULTIBEAM  MULTISTAGE  STRUCTURES  WITH  HIGHER  SYMMETRIES 
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Radioteclinical  Departament  of  Kiev  Politeehnicallnslitute, 

pnPcreinogi, 37,  KPI-2110,  Kiev,  Ukraine 
ABSTRACT 

Hie  iral  symmstied  to  eqiElkDn  syacni  cf  emparativdy  bw  enfa 

perio®:  aniduiei  unSntei  utiTfcar  of  ax?&ig  slcAs  srd  interactksi  channds  in  eadi  di^Iiragm  has  been  ofeinod 

Results  fiat  show  the  pcssSiity  to  calculbte  nxAieana  nxiMdct  stnxSures  wilh  hi^  accuracy  ty  pers^ 

havebecnfMCsenfed 

INTRODUCTION 

At  presaitf  feie  h  nMDVvave  cfectrcn  (Jevxes  and  acoderatore  cf  diaiged  poi&ks,  as  a  peiTodc  structures 

^mnetnes  (vAh  saw  sytmicny  aids  or  ^de  syrrircliy  plane)  are  asod  Sudi  drucaircs  are  ixiiSdbeam  cnea  Hiq' have  I 

(fispec^HHl  ciBractEiisfc,  vvkkr  banivMdl}\  better  dependence  of  enaBeSc  diaraclaisdcs  to  ttie  ^uctures  wtti  low 

^mneto  Stnaaiaesbesrg  vised  in  niillton  dedees  as  a  niei  great  aintorfcxxp&ig  dcits,  TKs  makes  k  posAle  to  aciiwe 

beCff  Mi  himcigaK^  h  irteadkn  ctoneb  aid  heat-cSsspoJiw  apadly.  Uneb- cakxtokm  cx  properties  cf  axh 
SEsiews  fitoldes  are  caused  die  to  the  great  iimte  ofini0aAin  chirnds  and  coiplersi  roJlka^  cfE^^ 

Megral  ajjation  syston  (lES)  [11  that  desafces  propolies  of  waves  in  nuMstage  perioeSe  sducture^  docs  rot  take  inlo 

a(Xourfi  a  syrremiy  cf  the  structunes^  great  aiirber  of  cbip&ig  defc  and  transtkin  hc^  has  order  and  is  conpl^  IXie  to 


r_«;n  wijii 


tDSDK«bcxindai]H(akjepn3bbnforpaiodbstniduresbeB^U9edmpfaGt^ 

ES  oUartd  in  [2]  is  vay  promsrg  B  takes  into  acxxut  a  hi^  symmetiy  <f  the  Siuctun^  unEnited  onto  of  coqifing 
dots  and  intenidkin  diaito  in  e^  ard  is  real  and  synirtietiiaL  Redudicn  cflES  cirder  has  been  achicMd  ly 

dfeedv^  pto  ctf  fcameture  vAh  ^rometiy  ad  genoaSzEd  Hocjuet's  thscTOT 
KxtnEpcs^duebtheireodxtocd'evaiaixIoddparlscflargenddeiecl^ 

H»  god  of  the  ptEsa^  wotk  is  to  devdop  caJaMw  meto  fomiilated  in  PI  hvestigalion  (rf“ characteristics  of  varicus 
ssnxtiBE^  vvKdi  are  of  piactke  interest  arxl  denxxistrale  a  l%h  efTecthity  of  devdc)p(xl  method  under  calculalkxi  cf  eidreni^ 

sufikkrdy  toeefimeniond  dectrodynandc 

INTEGRAL  EQUATION  SYSTEM 

Pokd  of  the  stnKdue  with  l^ier  ^OTnetoies  can  be  presented  as  a  urkn  cf  several  efladive  poiock  Effective  period  can  be 
dc&^  as  a  s^msrj  cf  periotfc  sbiKtire  ocftdned  between  cix>sen  seetk*!  fflb  the  sane  one  Ut  (Sgilaced  on  a  nirirnd  let^  and 
ai^  as  aresiA  rfj?¥iSc2tioncpeidors  cf trandaSkyi  and  lotalion  tofcad  to  ccaxidence  (d’the 

Gecmetiy  of  the  effidive  period  and  notations  are  presented  in  %I  (regons  1,2+  1  -  cavities  i^ons  2y.,2  -  ^  and 
cdiarsiebfcrbeOTs). 

Bskisinr^on  g  (^=L^2+0®®I®’esatedasasm»ncfeigenwaves[41 

Ixfe  daicte  die  tar^enty  (icetik:  6cU  on  the  left  boundby  of ic^ins  with  rurnbeis  2,.  ,2  as  ,  on  the  right  boundary  of  the 

satTiet^jc»B-as']^,intiociJoeevenandcxkiwibresp«cttoplaiie2,  =  0  partsofdectricfield 

(1)  = 

JESis|x^^ntedas: 


(n 


2Lf2-/  .  in  J 


£~2  »  A  • 


.y'*  and  y'*  -arcbrthcronrofeedvscton^^jnEsction^vffl^ 
wgwiagnMT^vtihlrarsvqsalincto  cfregonwilhmntefg 

(lower)  nices  rfaiTiitudes  of  ev«i  aral  odd  parts  rftransvasal  vccb^ 

TtelESoiderisdetemmallyixiTteofocxf&^chaiiid^  ^ 

Whmfh3oaffinoK^sytimSikssxlp}^^«»  =  0  erf.  =  «-IES(2)(ivK^ 

ihana\es(xMorevenparts(ftnggvgsaldectrx:Mion»ebcmfaTescfpaifeln^^  9  _ 

oFo(hff -zoa  Thus,  to  delcnrinebcxjndanesof{asfendsofv®«m  SnKtures 

cf aikr  toistvrathrieslessa-lhan  (2)  caibeused. 

LINEAR  ALGEBRAIC  EQUATION  SYSTEM 
Le&mpicoanale  ^  c  v^fintesafecf  €?g!3£jndionsofE-andHivavea: 

«»  ■*€  \^  fiD  . 

'  SiiKdtuii^  (3)  into  (2)  axl  detenriim^  momois  of  obtaa^d  equations  vA  fimdions  ,  we  come  to  red  s^nnielred 

LAES  oFlhe  seoxid  land  fef  ^  - 


■y:4 


e  1  ..  j  „,cos(9»  +  ».»^.)Tcos(2y'*/.) 

-S  SS  Z  grZLZyj  3i„(,7^ - 


vw 


^ijn  .-n>  - 

CatpSngco^derts 

(5)  WJo«,.a>M* 

reflectaco^onahoferfvvmBofPh^wahM  ofre^lwiAwaveofP^vvaiinti^  cfr^9 

lAESoderbequaltol;  JS:,,  j(r^,wlTere^,,=2,rttBneoessaiytotakeiitoaa»rt£-and^^^^ 

rtbenoughtocon^AJravEsrf^  K>^ ,  -turtecfwbiTConaariiilhandr^ 

Bdow  v«  M  cor^  syaam  cf  cmdar  aT)ss^ctk«  of  1  Xor  e^-1) 

dn±j!ar  cfcoup&B  holes  has  ks  own  advartagps:  anrSdty  aid  accuracy  of 

cutcfffiequency,andso,lhemostraTiatefHras^  ....  ,  ,.  ^ 

Fasui±systeniseig9&nctionsarekncjwn[4].Topre3ertes@2n£i^^ 

afsLOTiatoifiyBessdfijncliQnsareu3edIthaspernikta3totekeaIlrt£graIs(ll)an3BicaIyinck)sed£)tni  ^  j-j.  r 

PiDgrantocakxjlatethepropalKscfiTiiltibeamnijllkagpst^^ 
diairieis  has  been  devdq)e^ 

CALCULATION  OF  CHARACTERISTICS  OF  SOME  STRUCTURES 
r®.2showstfccakijlalEd(Espei^charaaeristKffi^  » B««»  ofexpaninsofevenand 

odd  parts  cftar^rtialdecfixfidd  fir  ffl^lel)eamstiuclure  with  (£menaonst=33,^^ 


siD(*>-*-"J^  »  V*  =0.  *  =  2....,<?. 


s^u^od  on  ^  a?ds.  CafculRtiqn  was  done  ibr  E^waves  a2imuthal  Wex  Wi  =  to=0.  ii  cavity  W!av€s  wfth  lacfiaJ  mfioe^ 
^*1^1 1  hswbemfc^en  into  acxxxjn^  inholC“Wav«  withraifal  «fias 

I>i<|xsson^ch2r3ciens6csofsir^bcamstajctLrcwi^  h%2^  wi)09etran5ilx)fev^c£s^^ 

fiomaxss to ^hidd (rado  ^2  /  b  was vafyng  fiwn 0  toO.633) ar^shown  h%3.  Qrflader  or(%xysion,  passb^  vvidtf\  valueand 
^  ofgnDUp  vek)c^' changed  widi  hofc  plaoe^b^ 

Taibks  1-3  idiawtheoorr|»nson  of  measured  and  cskLiatod\dLies  A  /  2^  fer  several  ^ 
who8?}x){e$neach]xxtc%]lv^gntamnotdbpl3c:sd(^Q^,tekb1)^8tt(£spIacedonl80°^^(^^  ,talie2)an5dEplacedon 
90®  (§f/^*90® ,  taWc  3>  Data  "cak>11?avc  bem  obteined  for  mj  =0.1,  Jj*=U  mi=O,.,J0.  5i=l>2;3.  Data  "c^^r  have  been 
obt^  for  in^  =<^12.  j^==l23>  mi 


i 

34  1  1 

3315  1 

TaWeZ 

TxTW 

i/2b 

A.%  ' 

X/lb 
calc  -  2 

A.%  ' 

iimBi 

1  IJCSS 

j|J082 

afM5 

IJOBl 

0.043 

U145 

UI38 

0.014 

U139 

om 

[  U289 

1J279 

!  0.008 

t3284 

I  JJ4I3 

0428 

0.041 

U438 

F^4  shows  a  tvro  rowstruGlurn  that  hasthc  san^nw  efimensons  as  h%  2,  in  vvhidi  onehofe  rf 
on  system  a?ds  aid  foir  boies  of  raefejs  ^73  =^  are  pboed  on  7?3=20  (  =€).  This  structure  answos  aS  foe  demands  beir^  make  on 

s&uctuj®  cf  nxtteam  devkDGs:  &tar«  between  beams  is  aDmparalive  vwfo  a  w^vdei^  heat-<fissi^^ 
high  than  h  a  iKjal  oaipied  caMfy  chain;  Ctoup6rg  cfemerts  and  danneJs  for  bean®  are  separated  in  space  - 
coLj^ing  (or  iriteracdon  with  a  hoBow  beamV  holes  of  the  second  row  -  for  irtefadjon  with  four  beams  or  kiduetive  coup&^  wth 
cavjtiesL  We  wart  to  eaO  accelerators  technology  spedafisfs  attention  as  wdl  to  foct  that  such  structure  kfiqpir^  all  good  pmp&ties  ofa 
oonij^ed  wavi^gukfe  cEstinguifoes  by  Hgher  vacuum  0^^ 

Measia^i  and  cabiated  vabes  X  /  2b  is  given  in  table  4.  Data  "cak>r  have  been  obtained  for  S7-IX 

^,=U.A  clrta«cak>2'‘  -  for  ^-OAS,  tm^XX  Wi==0A^^ 


X/2b 
calc  - 1 

A,% 

2/26 

ca/c-2 

A.% 

L2730 

0.033  1 

13716 

o.m 

13633 

0.096 

13620 

0303 

13410 

0.080 

1  12397 

0.186 

I318I 

0.056 

13108 

O.QM 

I3Q26 

0.175 

13012 

0.060 

X/2b 

exp. 

X/2b 

cak 

A,% 

137439 

137481 

0.(029 

i3£m 

137075 

0.0844 

J36146 

136075 

0.0558 

IZ5Q28 

1.24915 

0.0910 

134050 

133931 

0.0961 

Stnjctirevitolhrcerowscfholeswifo  cEmen^  Ri  =19.6,  ^4=3,  /?4=304 

of  measured  and  calo^  /  2^  bgiv^mtabbS.  hfomencal  resiitshavebm 

efa^  for  iW2K)A  j2^i;y , /nj  jjH...  A 

The  resute  shcjw  fort  devdoped  technk|ue  of  raafoematks  penrits  extremely  coiTpbc  foraodro 
sevwa!  Kws  of  oc^D&g  dots  to  be  calcuiated  Avifo  h^  accira!^  by  peraonal  oomputcia  Even  for  three 
6  oot^jSr^  hols  fort  B  almost  a  "aimrnk  c/the  desses"  okukfon  emr  does  Jirt  ©cc3ecd  hjridrBdth^enfo 


F«.l.  %2.  F«3. 


Fig.4.  Rg-S. 
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DETERMINATION  OF  THE  WAVE  FRONTS  BY  PRESPECIFIED 

FOCAL  LINE 

Ebnani  E.Hasanov,  Agile  S.  Huseynova 

iiaubiil  Univemty^  Faculty  of  £jtf  ineoriug 
loiambttly  Avalar,  34850/ Turkey 


ABSTRACT 


Deiennination  of  the  configuiation  of  Wave  fronts  by  prespecified  foc^  line  has  been 
considered.  The  problem  in  a  sense  may  be  thought  as  an  inverse  problem  to  the  problems 
of  catastrophe  theory,  where  that  configuration  of  wave  fronts  is  specified  to  determine  the 
singiilarity  of  fronts.  PartiGularly,  when  focal  line  considered  as  a  plane  curve,  the  problem 
has  been  investigated  earlier.  On  the  other  hand,  if  the  focal  line  considered  as  a  space 
curve  this  problem  has  not  investigated  up  to  now.  This  paper  proposes  a  method  for 
solving  this  problem  under  paraxial  approximation. 

STATEMENT  OF  THE  PROBLEM 

Papers  [l-S]  have  studied  and  developed  the  mathematic^  method  for  soiling  the  laser 
.  focusing  problem  on  line.  In  the  case,  when  focal  line  considered  as  a  plane  curve,  there 
its  solution  write  down  in  explicit  form  under  paraxial  and  non  paraxial  approximation. 
The  goal  of  this  paper  is  to  investigate  this  problem,  when  the  focal  line  prespecified  as  a 
space  curve. 

We  shall  consider  this  problem  under  paraxial  approximation.  Let  the  parametric 
equation  of  the  focal  line  on  the  Cartesian  coordinate  system  (u/Vt  be 

and  unknown  wave, front  be  5  =  *y(u,v,  2),  where  5{u,  v,  z)  satisfied  the  eikonal  equation 

The  values  of  5(u,  z)  oh  domain  (?  in  the  plane  z  0  denote  ly  ^(u,i;): 

S(u,  v,0) 

It  will  be  shcTwu  that  after  finding  v),  the  function  5(u,  u,  z)  can  be  determined  for 

any  (u,^v,z).  Rrom  Fig.l  we  see  that  OA  +  ==  OB j  where  0 A  =  (u,  v,0),  AB  = 
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^(u,u)  =  (x,v,f)  and  ^^(u.r)  is  the  lenghts  of  the  optical 

path  alone  the  ray  AS.  Writing  in  coordinates,  we  obtain 


Xs=u4-S^a 
y  so  +  S^« 


V-liTninating  s  -  s(u,v)  from  this  equation  yields  a  mapping  of  the  G  onto  carve 

(*(0.y(*)./(#  . 

.. 


y  =  »  +  /■ 


In  paraMcal  approodmation,  |^«|  <  <  1,  this  mapping  becomes  to  the  mapping: 

‘  x-u  +  f^, 

ys«  +  /^.' 

Thus  we  have  to  choose  the  that  the  mapping  (1)  maps  domain  G  onto  the  c^e 

(®(t),y(<),/(f)).  Let  («,v)  be  preimage  of  f  under  mapping  (1),  By  this  relation  it  is 
determined  the  function  t  —  T(t/,  w)  on  G.  It  is  clear,  that  if  t  —  fo  then  T(t(,o)  =  to  is 
[jQjue  curve  on  plane  On  the  other  hand,  it  will  be  shown,  that  after  finding  the 

function  t(u,u)  phase  function  ^(ti,w)  can  be  calculated  in  explicit  fr>rm. 

determination  OF  PHASE  FUNCTION 

To  determine  r(u,t>)  to  solve  (1)  for 


Since,  substituting  t  =  r(u,u)  into  (2)  and  after  differentiation,  we  obtain  : 


4>UV  — 


— 


i’ 


t  [if  _  k,  -  -  g  li/  -  /(V  -  .))  =  0 
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(3)  is  a  quasffiucar  partial  equation  in  first  order  for  r(v,  v).  It  can  be  solved  by  employing 
the  characteristic  method.  In  this  case  the  equations  of  the  characteristics  are  the  following 
system  of  order  differential  equations  : 


^=-/v_j,/+/y 

^=/«+x/-/V  (4) 

Let  the  solution  of  this  system  be  u  =  tt(3,  r),  v  =  v(s,r),  r  =  r(s,  r),  where  r  is  the  pa¬ 
rameter  alone  the  unit  curve  u^{r)  =  u(0;r),  v®(r)  =  v(0,  r),  T®(r)  =  r(Q,r).  Eliminating 
SyT  ve  obtain  the  function  r  =  r(u,v).  Substituting  T(u,  t;)  into  (2)  and  after  integrating, 
we  obtain  ^{u,  u)  in  explicit  form  : 

iK..v)=  / 

Jj.  /H*t,u))  /MtifV)) 

where  L  is  aigr  curve  in  (?• 

h  is  veiy  important  in  laser  focusing  theory  is  very  important  to  know  the  preimage  of 
point  t  imder  mapping  (1).  It  can  be  shown,  that  the  curves  =  C  have  a  equation: 

[(c2  +  62)^  +  C2]  (« /f  62)^>*  4c2(ci  +  62)(u -f  62  )  + 

-b  [(cr  +  ^2)^  +  =  [(ci  +  6^ 

where  bi  =  fy  --yfy  62  ^  xf  —  fx  and  ci,C2  are  arbitrary  constants,  in  other  words,  the 
preimage  of  t  on  the  plane  (ti,  n)  is  a  conic  section. 

Since 

‘ = I  wV’i  I = [(«. + W’  -  >  0 

then  (5)  is  an  ellipse.  After  transformation  to  main  axis  it  becomes  to  form 

.  2vf  _  ^ 

(a-F6)2  ■^  (0-6)2 

where  a  =  Ci  +  62*  ^  =  Ca,  uj  =  *‘-^*'* ,  Wj  =  ,  uj  =  u  +  62*  vj  =  v  — 
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oS  -  4«.») »  ti”  '“ek«  of  *• 

path  alone  the  ray  A5.  Writing  in  coordinates,  we  obtam 

X  4- 

Eliminating  «  =  s(u,  v)  from  this  equation  yields  a  mapping  of  the  G  onto  corw 

(*(0.y(0. /(*))=  , 


In  parawcal  apprmdmation,  |^.|  <  1,  |<^«1  <  1.  this  mapping  becomes  to  the  mappinr- 

*  =U  +  /^, 

y  =  w  +  /^« 

Thus  we  have  to  choose  the  ^(u,v)  that  the  mapping  (1)  maps  dom^  G  onto  the  c^e 
(x(t),y(t),  m).  Let  («,u)  be  preimage  of  t  under  mapping  (1).  By^this  relation  it  is 

LteSned  the  function  t  =  r(u,«)  on  G.  It  is  dear  that  if  <  ==  fediL  ti 

some  curve  on  plane  (u,  v).  On  the  other  hand,  it  wiU  be  sho^,  that  after  finding 
function  T(u,r)  phase  function  ^(u,w)  can  be  calculated  in  exphat  form. 

determination  OF  PHASE  FUNCTION 


To  determine  r(u,v)  to  solve  (1)  for 


Since,  substituting  t  =  r(u,v)  into  (2)  and  after  differentiation,  we  obtain  : 

p 

““  P 


^  [if  -  /(x  -  u)l  -  %  [if  -hv  -  v)l  =  0 


(3)  is  «  quasEiiear  partial  equation  in  first  order  for  r(« ,  v).  It  can  be  solved  by  employing' 
the  characteristic  method.  In  this  case  the  equations  of  the  characteristics  are  the  following 
system  of  order  diiTerential  equations  : 

du  /  .  / 

dv  *  4  * 

—  =/u  +  i/-/i  (4) 


Let  the  stdutioa  of  this  system  be  u  =  ti(s,  r),  v  =  v(s,  r),  t  =  t(s,  r),  where  r  is  the  pa¬ 
rameter  alone  the  unit  curve  u“(r)—  u(0,r),  v®(r)  =  w(0,  r),  r“(r)  =  r(0,  r).  Eliminating 
*,  r  ve  obtain  the  function  r  =  t(u,w).  Substituting  r(u,  t»)  into  (2)  and  after  integrating, 
we  obtain  m  expHcit  fonn 

Ji.  /W«.v))  /(r(«,v)) 

where  X  is  any  curve  in  G.  ' 

K  is  very  important  in  laser  focusing  theory  is  very  important  to  know  the  preimage  of 
point  t  under  mapping  (1).  It  can  be  shown,  that  the  curves  =  C  have  a  equation: 

[(«!  +  62)’ +  C2]  (n  +  62)*  -  4cj(ci  +  62)(u -f  62)  + 

/  6  Y*  ^ 

+  ((ci  +  yj  -  [(ci -I- 62)*  -  4]^ 

where  bi  —  fy  yf,  l>2  —  xf  —  fx  and  c^,C2  are  arbitrary  constants,  in  other  wends,  the 
preimage  of  i  on  the  plane  is  a  conic  section. 

Since 

^  I  (ci-l-ia)^  -2e2(cj -I- 62)  .I'lS  ^2i2  « 

V  -2e2(ci-b62)  (ci-ft2)*+<^"  -|(ci+62)  -cj]  >0 

then  (5)  is  an  ellipse.  After  transformation  to  main  axi.s  it  becomes  to  form 

.  2vf  _ 

(a  +  6)2  ■^  (a  -  i)2 

where  a  =  Cl -h  62,  !►  =  C2,  ii2  =  W2  - ui  =  u -f  62,  fi  =  V  -  y . 
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UL  fig- 1- 
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Ray"  Xeolinl.<3.ue  Xor  Sta.tionar'y  Waves- 
in  Gii±dLedL  Wave  Structures 

ifasahiro  Hashlaoto 

Departaent  of  Applied  Electronic  Enrlneerlng, 

Osaka  Electro-CoaHunlcatlon  University.  Neyagava.  Osaka  572,  Japan. 

ABSTRACT 

Ray  optics  deduced  froaNaupertuis’  variational  principle  is  presented. 
The  ray  deduced  is  shown  to  represent  the  path  of  propagation  of  a 
stationary  wave  strictly,  and  thus  It  does  not  coincide  with  the  well- 
known  ray  of  light  which  is  the  the  path  of  energy  transport  of  a 
dy nan leal  wave.  This  novel  optics  provides  an  alternative  description 
for  high  frequency  fields  excited  by  a  Bonochromatic  wave  source,  which 
■ay  be  useful  for  waves  in  open  structures  such  as  dielectric  tapered 
waveguides.  The  basic  physical  features  of  this  ray  are  discussed  by 
applying  it  to  Brekhbvskikh’s  probleit  of  reflection  and  transiBlsslon  of 
a  wave  at  a  plane  interface. 

IITRODUCTIdN 

The  ray  techniques  developed  for  slnple  structures  in  wave  sys teas 
were  successfully  applied  to  layered  and  inhomogeneous  waveguides  fl). 
The  Bethod  Involves  Including  leakage  of  waves  from  a  guide  as  a  complex 
ray  obtained  by  Beans  of  analytic  continuation.  The  effect  of  ray  shift 
can  also  be  incorporated  into  the  technique,  which  becomeB  nonnegligible 
for  long  waveguides  used  in  real  optical  communication  systems  where  the 
number  of  times  of  multiple  reflection  between  two  interfaces  exceeds 
more  than  twenty.  The  Incorporation  of  this  high-order  effect  leads  to 
the  high-order  optics  12] .  However  certain  additional  corrections  are 
needed  to  improve  the  ray  solution  (3].  The  author  has  shown  that  direct 
application  and  modification  of  the  classical  variational  principle 
gives  us  a  new  formulation  for  high-order  fields  in  geometrical  optics 
which  contains  the  effect  of  ray  shift,  and  additional  corrections  as 
well  {4] . 

The  ray  deduced  in  this  way  indicates  the  moraal  congruence 
representing  the  direction  of  wave-normal  to  the  wave-surfaces,  thus 
describing  the  path  of  motion  of  a  stationary  wave/  In  this  paper,  we 
present  the  geoBetrical  theory  of  stationary,  waves  based  on  the  ray 
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conrruence.  Such  a  ray  Is  referred  to  as  the  wavc-noraal  ray.  To  * 
Illustrate  the  basic  Idea,  the  theory  Is  outlined  by  treating  the 
classical  problem  [3]  of  reflection  and  transmission  of  a  cylindrical 
wave  at  a  plane  interface.  The  law  of  the  inequality  of  the  angles  of 
incidence  and  reflection  of  a  wave  Is  derived  from  the  principle. 
Snell's  law  for  refraGtlon  is  also  renewed. 


,  VARIATIONAL  PRINCIPLES 

The  theory  of  geometrical  optics  usually  starts  from  Fermat's 
principle  reported  in  a  letter  to  Chambre  in  165T  {51 .  The  principle  was 
later  modified  as  a  general  law  of  nature  to  describe  the  motion  of  a 
particle  as  well  as  light.  This  work  was  published  in  1746  by  Maupertuls 

[6]  and  is  well  known  as  the  law  of  least  action.  His  theory  however  had 
certain  drawback  from  a  dynamical  point  of  view  [7].  Hamilton  gave  the 
more  complete  theory  of  dynamical  motion  of  light  and  particles  {TJ. 

The  geometrical  optics  based  on  Hamilton  s  theory  is  called 
Hamiltonian  optics.  Hence,  the  ray  Is  the  pCth  of  dynamical  motion  of 
light.  Since  the  ray  direction  differs  from  the  wave-normal  direction  in 
generic  media,  the  wave-surface  or  the  normal  congruence  perpendicular 
to  it  is  constructed  via  the  ray  configuration.  In  1821,  Fresnel 
discovered  the  wave-surface  of  a  statipnary  wave,  applying  his  famous 
construction  technique  [8],  deduced  from  Huygens'  theory,  to  the 
dynamical  properties  of  light  in  crystalline  bodies.  Fresnel’s  wave- 
surface  is  constructed  as  the  envelope  of  plane  waves  emitted  from  the 
prlgln  and  evidently  it  shows  the  equlphase  surface  of  the  stationary 
wave  diverging  from  a  point  source.  The  direction  of  the  normal 
congruence  of  a  plane  wavelet  thus  Indicates  the  local  direction  of 
propagation  of  the  stationary  wave,  whereas  the  sum  of  such  plane 
wavelets  forms  a  beam  wave  that  represents  a  dynamical  ray.  This 
dynamical  ray  is  referred  here  as  an  energy  ray  in  order  to  distinguish 
from  a  stationary  ray  of  wave-normal. 

Expression  of  Hamilton's  dynaaical  principle  contains  two  parameters 
p  and  r  which  will  be  shifted  Independently  when  the  variational 
calculat Ion  is  Inplenented  where  p  is  a  normalized  momentum  vector 
{  =  ipn,  i»-  the  unit  direction  of  the  wave-normal  ray.  n  Is  the 
refractive  index)  and  r  is  a  position  vector.  As  a  result  of  taking  two 
independent  variations  in  the  dispersion  relation  F(p,r,«)*0,  the 
angular  frequency  u  varies  slightly  from  the  center  frequency  «».  The 
variation  of  w  makes  it  possible  to  construct  a  dynamical  ray  in.  space 

[7] .  on  the  other  hand,  in  Maupertuls’  principle  Aip-r  *  0.  we  can 
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choose  a  single  paraneter  p  or  r  In  ~the  variational  process  In  irhlch  the"' 
value  of  t»  Is  kept  constant,  which  aeans  that  Bakins  the  first 
variation  zero,  we  obtain  the  ray  equations  for  the  wave-noroal  rays  of 
stationary  waves.  These  ray  equations  were  deoonstrated  by  illustratine: 
the  wave  surfaces  of  an  extraordinary  (cylindrical)  wave  propagratlng:  in 
an  InhoBosreneous  anisotropic  calcite  [4], 

For  Bedia  containing  certain  classes  of  discontinuity,  we  Bay  use 
the  Bodlfied  principle 


dS  -  0, 


S 


P*dr 


k 


(1) 


which  is  applicable  to  the  problea  of  reflection  and  transBisslon  of  a 
cylindrical  wave  at  an  Interface,  where  k  is  the  wavenuBber(*=u/c;  c-^the 


Pig. I  Reflection  and  transmission  of  mttoe-normal  rays  mt  a  plane 
interface.  The  refraetioe  indices  of  the  upper  and  lower  media 
are  unit]/  and  n,  respectioely:  Ris  PA,  Rr  or  Rt  =  P’’A. 

(a)  Reflection,  (b)  Transmission. 
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velocity  of  light  in  vacuum)  and.O  or  ^  denotes  the  phase  Increment  due 
to  reflection  or  transmission  at  the  point  of  incidence  located  on  the 
discontinuous  interface,  respectively.  In  what  follows the  principle 
mentioned  above  is  applied  to  Brekhovskikh*s  problem  [31  as  an  example. 

REFLECTION  AND  TRANSMISSIOH  OF  A  CYLIKDRICAL  WAVE 

The  action  S  In  (1)  denotes  an  optical  distance  froa  the  source 
point  P  to  the  observation  point  Q:  S=  H  ♦  QA  -  d^/k  when  Point  Q  is  In 
the  upper  medluB  (air)  or  S  =  PA  ♦  nQA  -  Vk  when  Point  Q  is  in  the 
lower  aedlum  with  refractive  index  n  (see  Fig. 1).  Location  of  Point  A  Is 
indicated  by  the  coordinate  Jl  aeasured  along  the  Interface.  Then  S  is 
given  by  a  function,  of  A.  To  Biniolze  the  value  of  S.  *e  differentiate  S 
with  respect  to  I  and  put  as/3a=0.  FroB  this  stationary  condition,  the 
laws  of  reflection  and  refraction  follow  iBBediately.  The  resulting 
forBUlas  for  the  angle's  of  Incidence,  reflection  and  transBisslon, 
Si  ,0r ,Pt ,  and  the  radii  of  curvature  of  the  wavefronts  of  Incident, 
reflected  and  transBltted  waves  at  Point  A,  Ri.Rr ,Rt ,  are  listed  below. 


COSPr  • 

COSPi  + 

<25 

ncps  P«  * 

COSPt  ♦ 

(  P  , ) 

(3) 

R*- 

sin  “Pi 

Ri 

♦  ZcptPi*' (Pi)] 

(4) 

n  sin*P*  - 
R* 

sin  “Pi 
Rx 

)  ♦  acptPir  (Pi)) 

(55 

where  prlaes  denote  dlfferentiatldn  with  respect  to  fli  .  The  first  aiid 
second  equations  represent  DS/Dl^O,  and  the  last  terBs  on  their  right 
hand  sides  arise  froB  the  derivatives  of  ♦  and  ♦  with  respect  to  1.  tlie 
(4)  and  (5)  .  respectively,  are  obtained  by  differentiating  |2|  ani  (3) 
again  with  respect  to  1  and  applying  2/ais  -(sln«}  /R!  Pi  = 
-(Blhet/RrlPmr*  -(slnPv/^^^^ 

Now  suppose  that  an  Incldenl  cylindrical  wave  eBanates  froB  Point  P 
and  is  refiected  or  transBitted  at  Point  A.  The  wave-norBal  rays  of  the 
reflected  or  transBltted  waves  are  seen  to  Issue  directly  froa  the  iaage 
source  P"  as  indicated  in  Fig.  1  where  the  values  of  Pi  and  Ri  are 
specified.  The  angle  Pr  or  Pi  and  the  radius  Hr  or  Rt  are  deterained  by 
(2)-(5).  This  Beans  that  locstlons  of  Point  P%  which  we  depand  to  know 
in  “iconstltutlng  the  ray  solution ,  arc  deterained  exactly.  "  ^ 
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-The  ceosetrlcal  qptlcs  fields  corresponding  to  Incidence /-reflection 
and  transalsslon  are  ^iven  by  p‘-  Kiexp(-Jkr)/yr,  Kr exp(-Jkr )/-/r 
♦•^»  Kiexp|-jfenr)/yF»  respectively,  where  r  denotes  the  distance  between 
Point  P"  and  Point  Q  and  Ks  are  coefficients,  the  continuity  of  fields 
at  Point  A,  with  reflection  coefficient  r  {=p'/p'')  and 
traisnisslon  coefficient  T  requires 


-Jk(Ri-R,) 


X-nR,:) 


(6) 

(7) 


In  the  case  of  total  reflection  when  the  lower  mediuii  is  bptlcaliy 
rarer  and  further  the  value  of  0 i  Is  taken  to  be  les s  than  the  crit leal 
an^le  Oc  «  cos' ‘ n.  the  law  of  conseryation  of  ener^  flux  In  the 
Incident  ray  tube  and  the  reflected  ray  tube  holds/  Although  it  is 
evident  froa  /3d,  y  1  that cone  angles  of  ray  tubes  for  the 
wave-nomal  rays  at  Point  P  and  Point  P"  are  different,  those  for  the 
eBergy  rays  are  identical  [3]  .  laplies  that  the  anplltudes  of  the 

real  source  at  Point  P  and  the  isage  source  at  Point  P"  are  the  smie; 
iKrJ-siKrt.  Thus  we  have  13} 


According  to  the  rule  of  analytic  contlnuatlon.^^^^^  t^^  expresBlon  Is 

expected  to  be  valid  for  both  partial  and  total  reflections. 

The  fields  d'  and  obtained  above  are  described  in  terns  of  4  and 
♦which  are  unknown .  The  value  of  ♦  can  however  be  detersined  as  follows 
by  substituting  (8)  Into  T  (=^^l+r) , 


*  I  *  ° (i^)  (10) 


but  ♦  still  resain  unknown .  The  sost  acceptable  approxisation  for  ♦  say 
be  to  use  the  phase  of  Fresnel- s  ref  lection  coefficient,  ♦f  (3i  ) , 


♦f-  (  3  )  »  2  t  an 


cos*d-n' 
sin  3 


which  holds  valid  for  plane  wave  inGldence.  The  results  obtained  by 
this  approxiiation  will  be  discussed  later. 
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COMPLEX  RAT  nr  THE  IVAirESCERT  REGIOH 

When  the  value  of  6i  becomes  smaller  than  the  value  of  Oe  ■  cob~>b. 
the  principal  ray  that  obeys  (3)  is  transmitted  in  the  complex  direction 
and  the  resulting:  transmitted  ray  arrives  at  a  point  located  in  complex 
space.  This  complex  transmitted  ray  can  analytically  be  continued  to  all 
points  located  in  real  space.  It  will  be  shown  that  the  analytically 
continued  field  represents  an  evanescent  field  in  the  lower  BedlttB.  For 
Point  Q  (x.y)  fixed  in  real  space  as  shown  in  Fig.  2,  Point  P’*;  (x»*  ^yp  • ) 
moves  in  complex  space  as  Oi  goes  along  the  real  axis  on  a  eOBplex  dt - 
plane  from  7r/2  to  zero,  passing  through  the  cri^^^  fl# .  The 
complex  distance  r  from  Point  P"  to  Point  Q  Is  given  by  Hr  ^ 


■w*cre 

a  ‘  «  y  ?  j[y -  Xp-  t  (13) 


Fig.  2  Frinci pal  wavt^tormal  rsg  In  tkg  tomsr  m»dlam. 
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ngare  ^  »lwirs  lce«tlo»s  of  the  ^erot  of  i*  end  **  on  a  complex  di  - 
plane  (at  *hlcfc  **  «0)/  There  is  no  diBtinctlon  between  the  two  zeros 
wbeh  fli  -  ond  y*0 .  these  will  however  be  separated  upward  and 
downward,  respect ively,  if  Point  Q  is  apart  froa  the  boundary  (y*0) .  The 
analytic  continuation  is  carried  out  bo  that^^^^  t^  variable  fli  varies  f roe 
to  de^O  by  toine  round  the  zero  of  z*  In  a  clockwise  sense,  as 
schsaatically  shown  in  Fit>3>  Note  that  the  value  of  r  tends  to  a  larce 
negative  value  as  Bi  approaches  zero.  The  appearance  of,  a  stall  negative 
iaaginary  auBber  in  the  expression  of  r  gives  rise  to  the  evanesceat 
wave;  in  fact,  it  decays  In  the  vertical  direction  but  propagates  along 
>tkd,>VoUttdary. 


■  Consider  two,  passible  rays  created  in  the  right  hand  side  of  TTV. 
hitting  the  boundary  froa  the  upper  side  (aee  Flg.da).  One  is  a  real  ray 
incident  with  an  angle  di*  and  the  other  is  a  coaplex  ray  Incident  with 
an  angle  di~.  These  two  rays  are  analytically  continued,  as  stated 
nbove.  The  value  of  di*  or  dr  is  deteralned  frMi 

yt-cotfix*  AM) 
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(b) 


Fig. 4  Beat  rag  and  complex  rag  in  ike  lower  medium, 
la)  Solutions  6;-  for  iwo  rags. 

(b)  Locations  of  9i-. 


tosrether  with  J3).  Te  see  that  the  general  solutions  8;^  are  noir  conplex 
quantities  whose  loafinary  parts  increase  as  $i*  approach  Cc .  Figure  4b 
shows  plot  of  fii *  (*)  approaching  8e  when  Point  Q,  lying  on  TT* ,  Boves 
toward  the  boundary  from  the  lower  side.  All  conclusions  In  this  section 
however  depends  on  the  chDlce  of  the  function  ♦  but  are  equally  valid 
for  real  and  complex  rays,  except  for  transit  rays  generated  at  the 
critical  incidence. 

DISGUSSION  AND  SUMMARY 

For  total  reflection  in  the  usual  case,  the  values  of  ♦'  or  ♦’  are 
negative,  so  that  the  values  of  cosDi  are  larger  than  those  of  cosCr , 
i.e.,  flf >Bi .and  cosdi >ncos0t ,  although  fit  takes  a  complex  value.  These 
forBUias  extend  Snell's  law  to  complex  rays  including  the  corrective 
teras  of  order  l/k.  This  slaple  ray  technique  has  been  found  to  be  very 
efficient  for  the  .analysis  of  dielectric  tapered  waveguides  by  checking 
the  obtained  solution  with  Felt-Fleck’s  propagating  beain  method  solution 
(wave  optics  solution)  flO]. 

Very  slBllar  but  different  fornulas  can  also  be  derived  (3,  p.275] 
from  wave  optics  calculations  if  the  integration  involved  in  the  exact 
integral  expression  of  p  is  carried  out  by  the  stationary  phase  method. 
Comparison  has  been  made  carefully.  No  discrepancy  can  be  found  between 
our  result  and  the  wave  optics  result  within  the  range  of  order  l/k 
unless  ♦  is  misused;  the  best  approximation  Is  ♦(©! |=  % (D)  where  ff  ^i0i 
♦Sr )/2  fill.  However  the  wave  optics  solution  is  represented  In  terms  of 
position-dependent  parameters  arising  from  the  coordinates  of  the  system 
introduced  In  the  integral,  for  example,  Ri  and  De  in  (3],  which  vary  as 
Point  Q  moves  in  the  ray  direction.  This  is  rather  Inconvenient  for  ray 
tracing  in  practical  cases  because  unnecessary  calculations  are  repeated 
to  deterBine  the  ray  paths  along  the  reflected  and  ref racted  rays . 

The  advantage  of  using  the  present  ray  optics  Is  that  the  local 
nature  of  waves  in  the  neighborhood  of  the  principal  ray  can  exactly  be 
described  In  terms  of  the  radius  of  curvature  of  the  wavefront.  Such  ap 
idea,  which  dates  from  1906  M2],  can  be  applied  to  the  tracing  of  wave - 
noraal  rays  In  inhomogeneous  media  containing  some  discontinuities  14], 
The  effect  of  diffraction  Is  not  considered  here.  We  must  take  proper 
account  of  this  in  analyzing  waves  scattered  at  the  critical  angle.  For 
this  generalization,  Keller's  theory  of  diffraction  M3],  [14]  may  be 
helpful. 


146 


REFEREKCES 

11]  S.J. Maurer  and  L.B.Felsen.  "Ray  uethods  for  trapped  and  sllehtly 
leaky  aodes  in  nultllayered  or  nultlwave  regions,"  IEEE  Micromavt  Theory 
Tech.,  vol.MTT-18,  no. 9.  pp. 584-595,  Sept,  1970. 

12]  L.B.Felsen  and  S.-Y.  Shin.  "Rays,  beans,  and  nodes  pertaining  to  the 
excitation  of  dielectric  waveguides,"  IEEE  Trans.  Microuaue  Theory 
reck..  vol.nTT-23,  no. 1.  pp. 150-161,  January  1975. 

[3]  L.M.Brekhovskikh,  Vaves  in  Layered  Kedla,  2nd  ed. ,  translated  by 
R.T. Beyer.  New  York:  Acadeaic  Press,  1973,  Ch.IV. 

[4]  M.Hashinoto,  M.Idenen  and  0. A. Tretyakov  (ed.).  Analytical  and 

Numerical  Methods  in  Electromagnetic  Uaoe  Theory.  Tokyo:  Science  House 
Co.  Ltd.,  1993,  Ch. I.  •• 

[5]  P.Fernat,  Oeuvres  de  Fermat .  LXXXVI  Feraat  a  de  la  Chanbre,  vol.2. 
Paris,  1894,  pp. 354-359, 

[6]  P.L.M.Maupertuls,  "Recherche  des  lols  du  nouvenent"  in  Oeuvres  IV, 
vol.4.  Lyon,  1768 

17]  W.R.Haiiilton.  The  Mathematical  Papers  of  Sir  Villiam  Roman  Hamilton. 
vol.I,  Geometrical  Optics,  edited  by  A. W. Conway  and  J.L. Synge, 
Cambridge:  Cambridge  Univ.  Press,  1931,  vol. II.  Dynaaics,  edited  by 
A. f. Conway  and  A. J. McConnell,  Cambridge:  Cambridge  Univ,  Press,  1940, 

[8]  E.Verdet,  Oeaures  completes  d’Augustin  Fresnel,  vol.2,  Paris,  1868, 
pp. 257-623. 

19]  M.Hashinoto,  "On  the  aagnltude  of  the  image  source  of  a  spherical 
and  nonspherical  wave  .  reflected  upon  an  interface,"  Trans.  lEICE. 
vol,J75-C-I,  no.8,  pp. 561-563,  August  1992  (in  Japanese). 
tlO]  M.Hashinoto  and  H. Hash Inoto , "Ray-optical  techniques  in  dielectric 
waveguides",  lEICE  Trans,  Electron,,  vol.E77-C,  no. 4,  pp.  639-646,  1994. 

[11]  M.Hashimoto,  '  "Geometrical  optics  based  on  wave-normal  rays: 
Application  to  dielectric  waveguides,"  Radio  Set.,  vol. 28,  no. 6, 
pp. 1245-1251,  1993. 

[12]  A.Gullstrand,  "Die  reelle  optlsche  Abbildung."  Kungl.  Svenska 
Vetenska.  Handl.,  vol.41,  no. 3,  pp. 1-119,  1906. 

[13]  J.B. Keller.  "Geometrical  theory  of  diffraction,"  J.  Opt.  Soc.  Am.. 
vol. 52,  no. 2,  pp.116-130.  Feb.  1962. 

[14]  K.O. Friedrichs  and  J.B. Keller.  "Geometrical  acoustics  II. 
Diffraction,  reflection,  and  refraction  of  a  weak  spherical  or 
cylindrical  shock  at  a  plane  Interface,"  J.  Appi.  Phys.,  vol, 26,  no. 8. 
pp. 961-966,  1955. 


147 


EPFECTPS  OP  bistabhity  in  the  nonlinear  ' 

AND  INHOMOGENEOUS  TWO  DIMENSIONAL  SYSTEMS.' 

Michall  V.  Isakov 

Moscow  Power  Engeneering  Institute. 
Erasnokazarmenn^a  14.  Moscow,  105835,  Russia. 

This  work  was  suppoted  by  Russian  Foundation 
of  Pxmdamental  Reseaoh  (Grant  No  93-02-16062). 

ABSTRACT 

The  propagation  of  intensive  wave  in  the  nonlinear  waveguide 
and  irradiation  of  slot  antenna  across  nonlinear  media  were 
considered.  A  set  of  nonlinear  lows  of  dependence  of  dielectric 
permittivity  from  intensity  of  electromagnet io  waves  were 
investigated.  If  permittivity  was  negative  in  absence  of  field  and 
positive  in  presense  of  intensive  fields  the  bistability  of  field 
structure  had  take  places.  The  difference  of  bistability  in  two 
diiBensional  models  from  that  in  one  dimensional  models  was  showed. 
Also  the  influence  of  inhomogeneously  of  nonlinear  parameters  on 
field  structure  in  nonlinear  media  was  demonsrated. 

The  effects  of  bistability  in  radio  and  optics  systems  have  a 
wide  applications  in  phisios  and  technics  Hi.  This  effects  were 
founded  in  Pabri-Perrout  resonatorsM ),  in  irra  of  antenna 

:m  nonl  inear  media  f2]  and  in  many  others  experiments.  It  is 
important  that  in  these-  experiments  the  field  s true txire  was 
inhomogeneously  and  the  media  was  inhomogeneous  and  nonlinear  one. 
At  present  the  bistability  effeots  in  problem  of  propagation  Of 
intensive  waves  was  investigated  theoretically  on  one  dimensional 
models  (3,4].  In  these  works  the  incidence  of  plane  waves  on  plane 
nonlinear  layers  were  considered.  The  model  nonlinear  dependences 
of  permittivity  from  field  intensity  were  investigated,  including 
the  positive  O£/a|El>0)  and  negative  (as/a|E|<0)  nonlineaU*ity.  Biit 
the  limitation  of  one  dimensional  models  do  not  allow  to  consider 
many  special  features  of  bistability  effeots  in  real  phinioal 
erperments  and  devices.  For  the  euloxilating  the  proj^gation  of 
limiting  beams  in  nonlinear  media  the  method  of  parabolic  equation 
is  widely  used.  But  the  attempt  to  describe  multystabillty  in  this 
approximation  have  not  met  with  success.  The  main  problem  is  that 
the  ^method  of  parabolic  equation  can  be  Used  only  for  weak 
nonlinearity.  The  oonsideretion  of  one  dimensionally  models  showed 
t^t  the  bistability  effeots  is  followed  by  strong  rearrange  of  ■ 
field  structure  on  small  distance  (near  wave  length).  In  this  case 
the  approximation  of  parabolic  equation  is  not  apprepriate  and  for 
proper  disoribit ion  of  propagation  it  is  nessasary  to  solve  Maxwell 
eqiiation. 

STATEMENT  OF  THE  PROBLHf 

In  this  work  we  oonslder  the  problem  of  prepagation  of 
Intensive  electromagnetic  wave ^  in  plane  waveguide  and  irradiation  of 
slot  antenna  across  plane  nonlinear  plasma  layer.  If  the  waveguide 
(or  slot)  is  exited  by  H-wave,  then  we  can  reduce  our  problem  to 
solving  nonlinear  Helmholtz  equation 

AE  +  k^£(  |E|  )E  *  0.  (1) 

A  set  of  various  local  lows  of  dependence  of  dielectric  permittivity 
from  the  field  intensity  was  ootisldered.  In  part ioular  it  Was 
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e  =  +  e,exp(a|Ej*) 


g  —  H  i 

The  dependtn?l!‘  (2,3)  oan  described  the 
nonlinearity  with  saturation.  In  relatively  weak 

IoSb  can  be  approximated  by  widely  used  so  called  cubic 
nonlinearity 

5  =  +  £,|E1  . 

The  eqiiation  (1)  must  be  added  by  boundary  conditions.  Por  the 

metallic  walls  these  conditions  are  .. 

E(-d/2,z)  =  E(d/2,z)  =  0.  / 

where  d  -  waveguides  width.  If  the  waveguide  has  an  impe^ce 
walls  the  boundary  conditions  on  walls  may  be  written  as 

g  +.  XE  =P.  % 

^  x=±d/2 

In  (5).X  =  ,  Z  -  impedance  of  walls. 

On  the  boundary  pf  linear  and  nonlinear  dielectric  in  waveguide 

the  boundary  conditions  is  written  as_ 

' 

S|  "o 
ill h 

where  <j)j^  eigenfunotions  of  bornogeneous  plane  waveguide* 

propagation  constant  for  inode  k,  4-4^^ 

For  solving  the  nonlinear  Helmholtz  eqmtion  the  iteration 

method  was  used 

.  AE'’"‘+  k*e(lE"|)E"^‘  =  0.  (8) 

In  (8)  E”  is  a  field  distribution  in  nonlinear  media  on  n-s  step  of 
iterative  procedure.  To  dioide  (8)  the  finite  element  method 
used.  The  resulting  system  of  linear  algebraic  equations  was  solved 
by  biconiugate  gradient  method  [5]. 

The  irradiation  of  slot  antenna  across  nonlinear  l^er  ^  be 
desoribed  analogiously  as  above  problem.  The  main  difficulties  m 
this  aproaoh  is  the  proper  definition  of  boundary  conation  ^  open 
domains.  But  this  problem  may  be  approximated  by  the  problem^^of 
irradiation  of  narrow  waveguide  in  segment  of  wide  wave^ide  with 
nonlinear  media.  This  segment  is  closed  by  flange  ^d  ra^ate  to  the 
open  space.  The  difference  from  waveguide  prop^ationa 
boundary  opnditions  on  boundary  of  nonlinep  dieleotrio  with  nairow 
waveguide  and  with  open  spaoe.  This  oonditions  are 

wheT^e  W  and  -  some  matrioes,  linked  with  refraction  matrix 
of  waveguide  width  change  on  lifted  boundary  and 


JVk'-p*  ^yE(x./)e^P*dx] e"^^dp  *  0 
on  opposite  side. 


(10) 


PHYSICAL  RESUI/PS 

Wr><?t  Interesting  results  were  obtained  for  positive 

nonlinearity^hen  pei^ttivity  f 

becomes  positive  in  sufficient  - 

r+>i^nVnp>c;R  near  or  more  wavelength)  the  oistaDiiivy  ui 

electromagnetic  field  structure  in  nonlinear  n'®'tia  is  obtained. 
ResnSti^Sr  Se  can  look  the  histeresis  ,  of  reflect lon^^^^d 

transmission  coefficient  when  we  olianged  the  intensity  of  inoie^nt 

wave.  This  effect  was  shovired  for  waveguides  vario^  of 

g  _  18).  Also  analogious  effect  was  showed  for  iira^ation  of 

Slo?  Sterna  across  nfnline^  media.  The  .distribution  of 

electromagnetic  field  in  nonlinear  v/aveguide  in  some  value  of 
inoiedeS^ave  on  both  branches  of  histeresis  0]^®  ■  ^ 
fig.  I.  Fig.  2  illustrated  the  dependence  of  reflection  ana 

tJlAs^issiSn  coefficients  for  first  and ^  third  mode  on 

inoiedent  wave.  The  common  feature  of  field  struoture^  is  the  , 

field  is  compressed  to  liglited  boundary  Y()ien  ptensity  of  ^o^®dent 
wave  slowly  increased  from  low  value.  When  intensity  increase  some 
level,  the  field  structure  is  rearranged  and  wave 

it  is  interesting  that  the  width  of  this  ohannal  do  hot  depended 
from  transverse^ependenoe  of  inoiedent  wave  and  approxunately  equal 
tHne  mode  waveguide.  Next  if  we  •  decrease  the  of 

inoiedent  wave  the  ohannal  is  saved  to  some^level. 

that  this  level  is  small  that  level  when  this  camel  was  foroed. 

For  negative  nonlinearity  we  do  not  found  a  histeresis 
solution.  The  main  physioal  effect,  that  takes  places  the 

limiting  of  the  power  value  transmitting  across  nonlinear 
This  effect  was  investigated  previously  on  one  dimemional  models_to 
rn  The  distinction  between  one-dimensional  model  _ 
tSo-dimensional  model  lies  in  the  fact  t^t  the  level 
of  transmitting  power  for  two-dimensional  model  are  greater  that  the 
oS^liSenslonal  model.  Ihie  disttootlon 
by  distinction  between  field  struotiu’e  for  this  two  ^dsls.  Th 
possibility  of  bistability  existence  for  two-dimensional  nonlrme^ 
systLs  with  negative  nonlinearyty  is  required  futher 

investig^iom^  nonlinearity  with  homogeneous  parametere  (2,3) 
this  work  also  the  influence  of  irregularity,  of  nonlimanty 
parameters  were  investigated.  In  particular  the  dependence  (2)  was 
changed  to 

e  =  ep(r,z)  +  e^(x,z)exp(ajEl*>. 

It  was  be  founded  that  bistability  is  ^  taken  places  for  small 
irregularity  and  may  disappear  for  strong  irregularity. 
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NUMERICAL  COMPUTATION  OF  DIFFRACTION  COEFFICIENTS 
FOR  NEW  CANONICAL  PROBLEM 

Vladimir  Kalashnikov 

Department  of  Radio  Engineering,  Moscow  Power  Engineering  Institute 
Krasnokazarmennaya  14,  Moscow  1 1 1250,  Russia 

ABSTRACT 

Direct  numerical  method  is  applied  for  the  computation  of  diffraction  coefficients  for  new  canonical 
structure:  joint  of  an  infinite  perfectly^conducting  rectangular  wedge  with  a  semi-infinite  dielectric  slab. 

INTRODUCnON 

The  most  important  problem  of  the  diffraction  theory  is  scattering  of  electromagnetic  wave  from 
an  object  of  complex  form  and  structure.  One  was  solved  in  resonance  frequency  domain,  where  scat- 
ter*s  size  is  order  of  wavelength.  In  particular,  the  integral  equation  method  can  be  used.  It  is  very  desir¬ 
ably  to  have  such  methods  in  a  high  frequency  domain  that  are  invariant  for  a  form  of  scatter.  The  geo¬ 
metrical  theoty  of  diffraction  (GTD)  and  the  physical  theoiy  of  diffraction  (PTD)  are  developed  for  this 
domain.  Both  of  these  theories  are  not  closed.  They  are  historically  based  on  the  analytical  solution  of 
canonical  problem:  diffraction  from  a  perfectly  conducting  wedge.  It  is  difficult  and  often  impossible  to 
widen  the  range  of  problems  amenable  to  analytical  methods.  An  application  of  numerical  solutions  of 
new  canonical  problems  is  the  most  reasonable  direction.  There  are  set  of  canonical  problems  that  were 
solved  with  help  of  the  integral  equation  method  [1-4]. 

Numerical  solution  for  the  new  canonical  problem  is  illustrated  in  the  present  research.  With 
help  that  can  to  solve  the  wide  range  of  scattering  problems,  which  was  being  remained  overboard  of 
GTD  and  PTD. 

The  solution  for  this  canonical  problem  is  found  for  the  first  time. 

PROBLEM  FORMULATION 

We  seek  scattering  from  an 
infinite  perfectly  conducting  rec¬ 
tangular  wedge  jointed  to  a  semi- 
infinite  dielectric  slab,  as  shown  in 
Fig.l,  upon  illumination  with  a 
given  incident  electromagnetic 
plane  wave  IP. 

The  slab  has  material  with 
permittivity  Zq.  Let  the  wedge's  ed¬ 
ge  is  coincided  with  axis  of  z.  De¬ 
noting  the  upper  side  of  wedge  by 
Y  g]  -  oo;  0[, >^  =  0,  z  g]  -  00,  +cx)[ ; 
the  area  of  lateral  side  of  wedge, 
which  contact  with  slab  by 

G]0,-rf[,z  g]-oo,+oo[; 
the  rest  area  of  lateral  side-5'3.  Let's 

denote  the  parts  of  cross  section  contour  of  wedge  by  L, ,  correspondingly. 

Only  monochromatic  wave  is  considered,  with  time  dependence  exp{mt)  suppressed  throughout . 
The  phase  factor  of  incident  wave  is  given  by 

exp(ik^T^)^exp(\k^xsin^^cos{^^^‘ik^slrB^cos^Q^ik^zco^^^^  ,  60  g](P,180°[,  (p^  6]-’90®,180®[, 


Fig.l.  Geometry  of  the  canonical  problem 
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INTEGRAL  EQUATION  FORMin^ 

The  surface  electric  currents  induced  on  an  infinite  wedge  by  an  inddent  plane  wave  are  the 

source  of  scattering  field.  We  choose  the  distribution  electric  currents*  density  to  determine.  Let's  use 
the  following  representation  of  the  scattering  field  [5]:  - 

I  X 

where  5  and  ^  #re  the  tensor  Green's  functions,  ^-contour  of  cross  section  wedge.  We  choose  as  a 
Green's  function  the  field  of  an  infinite  current  filament  pointed  inade  and  outside  of  infinite  dielectric 
slab.  The  form  of  the  Green's  function  is  best  viewed  in  (6].  This  choice  of  a  Green's  function  is  taken 
into  account  the  dielectric  slab  and  the  radiation  condition.  To  take  into  account  an  infinite  wedge  we 
utilize  the  boundary  conditions  on  the  him  external  surface.  Utilizing  the  boundary  conditions  results  in 
the  integral  equations. 

Case  l.(  total  electric  field  ).  We  obtain  a  hyper  angular  integral  equation  of  the  first  type,  winch  are 

Imown  as  electric  field  equation  (EFIE)  [7],  [n,  J  S(x,  y,  7, «)/*(«)</«  ]  =  -Ca,  utilizing 

t 

boundary  conditions  [«,£]=0:  i«-extema]  vector  of  normal  to  wedge;  E  =  -total  dectric  field; 

£■'-  primary  electric  field,  which  is  found  from  a  solution  of  problem  about  incidence  of  plane 
electromagnetic  wave  on  infinite  dielectric  slab. 

Case  2  ( total  magnetic  field  ).  We  obtain  a  Fredholm  integral  equation  of  the  second  type,  wiudi  axe 

known  as  magnetic  field  integral  equation  ^dFIE)  [8],  J*  -  [»,  J K(x,  y,  z,  m)/*(«)(/u1  = 

satisfying  boundary  conditions  [«,//]=/:  H  =  +K' -total  magnetic  field ;  AT'-primaiy  magnetic 

field  (see  above). 

Obtained  integral  equations  have  been  solved  by  the  collocation  method.  We  dioose  as  baric 
functions  to  electric  current  density  the  following  representation: 

where  xiu,n,R)  =  T’  ”  a(u)-Heavyride's  function;  »  =  -k^nQfos^p^; 

[0,  irC[(M-l)A,,ffAJ  N 

P  =  JtjrinG,;  y,  =  physical  optics  currents,  which  depended  from 

incident  wave  f'.W  and  (p,;  A,  B,  C,  D,  E,  F-unknown  values. 
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We  are  only  interesting  the  scattering  field  in  far  region.  The  scattering  field  is  writing  in  fomi: 


ex;>[-trfeorsfn9o-tt/^  . 

where/l^^  and  diffraction  coefficients. 

NUMERICAL  WSSULTS 

It  is  stinted  for  the  dielectric  slab  with  parameters:  d=0,44X  and  e=2,7. 

Let's  seek  diffraction  coefficients  for  incident  plane  wave.  The  diffraction  coefficients  for  differ¬ 
ent  vdues  of  tPo  and  for  6o=90“  are  shown  on  the  Fig.2.  These  diagrams  were  obtained  with  help  the 
EFIE  and  the  MFIE.  The  diffraction  coefficients  for  00=70°  and  (Po=45°  are  illustrated  on  the  Fig.3  . 


FigJZ.  Diffraction  coefficients:  0q=9O°;  1-for  (Po“45°,  2-for  <po=150°,  3-for  90=  -80°. 
(a)  E-polarization,  (b)  H-polarization. 


(a)  E-po!arization.  (b)  H-polarization. 

The  diffraction  of  surface  waves  is  also  investigated.  Illustrating  some  results.  For  primary  field 


of  surface  wave  inside  the  slab  is  given  by 

{sh(ySy^df2V] 


sh(y,d/2V 

cf>CyAy+d/2]) 

ch(y,dl2]) 


\ch(yAy^dl2V] 


ch(y,dl2V 

sh(yAy^d/2V 


[  sh(y,d/2V  J 


where  constant  along  axis  x  for  m  surface  wave,  y^ 
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There  are  four  travding  surface  waves  into  slab  with  that  parametetn.  The  diffiaction  coeffiacnts 
arc  shown  on  the  Fig.4. 


Fig.4.  Diffraction  coefficients:  l-for  even  wave;  2-for  odd  wave,  (a)  E-polarization.  (b)  H-polarization. 
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SURFACE  MDDE  SCATTERING  BY  HETAL  STRIPE 
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ABSTRACT 

The  two-dimensional  diffraction  problem  of  surface  mode  scattering  by  a 
finite  nuB±>er  of  metal  strips  located  inside  a  double-layer  dielectric  slab 
is  analyzed.  The  influence  of  a  higher  leaky  node  on  the  radiation  behiavior 
of  the  structure  is  clearly  demonstrated. 

1.  INTRODUCTION 

The  goal  of  this  work  is  to  analyze  radiation  of  surface  mode  caused  by  a 
metal-strip  grating  of  finite  extent  located  inside  a  double- layer 
dielectric  slab.  Such  a  structure  nay  be  used  as  a  microwave  or 
millimeter-wave  planar  antenna  excited  by  a  surface  node  of  the  slab.  In 
this  work,  radiation  and  scattering  characteristics  of  the  antenna  are 
treated  as  a  result  of  surface  node  diffraction  by  a  fLnite.  number  of 
scatterers  with  mutual  couplings.  The  analysis  is  based  on  the  electromotive 
■force  technique  and  Kirchhoff-type  equations  in  complex  current  amplitudes 
on  the  scatterers  Cl).  It  is  shown  that  under  certain  conditions  the  higher 
leaky  mode  can  affect  the  radiation  properties  of  the  structure.  It  should 
be  noted  that  influ^ce  of  leaky  nodes  on  radiation  behavior  of  an  electric 
dipole  placed  inside  a  substrate-superstrate  dielectric  structure  was 
studied  earlier  by  D.  Jackson  and  A.  Oliner  (2). 

2.KETH0D  OF  ANALYSIS 

The  structure  being  analyzed  is  shown  in  Fig.l.  A  finite  number  H  of 
zero- thickness  and  narrow  metal  strips  of  width  2w  separated  by  distance  1 
are  located  on  the  interface  between  two  dielectrics  inside  a  grounded 
stratified  dielectric  slab.  The  top  layer  and  the  bottom  one  have 
thicknesses  2a,  h  and  relative  permittivities  6^  respectively.  Assume 

tl^t  the  surface  TE^-mode  of  the  slab  is  incident  normally  on  an  input  of 

the  grating  from  the  left.  The  real  propagation  constant  ^jf  this  mode 

can  be  fouixl  from  the  diversion  equation: 

Pei^^^Pe2*^^fP®^^2p£ja>+PgjSh(2p£ja‘)]+Pg2Cpsh(2pgja)+p£jCh(^g^a)3=0,  (1) 

where  k=W/c  and  c  is  the 

velocity  of  light.  It  is  assumed  here  that  inequalities  k(52)^'^<  < 

take  place,  so  that  the  mode  concentrates  near  the  top  layer. 

Moreover,  for  the  surface  mode  Rep>0  is  used  while  the  signs  taken  for  the 
square  roots  of  Pg^,  p^  are  arbitrary  since  these  signs  occur  in  even 

function  fashion.  It  is  implied  here  that  the  structure  parameters  are 
chosen  to  provide  tte  single  mode  regime  of  the  double-layer  dielectric 
guide.  As  for  the  higher  leaky  modes  of  the  slab,  we  must  use  RepcO  and 
linp>0  because  of  their  improper  character. 

For  finding  a  solution  to  the  problem  of  diffraction  of  the  TE^-mode  by 

the  grating  we  eaploy  the  electromotive  force  technique.  Let  us  suppose  that 
the  electric  current  density  distribution  on  the  nth  strip  is  approximately 
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described  by  the  fonmila: 

i_(z_)  S  I_ /(w^-2^)^'^.  ^2) 

where  the  co(t*)lex  aeplitudes  n=l,...,N  will  be  detemined  below,  is 

neasured  from  the  center  of  the  nth  strip.  By  usir.5  the  2-D  Green  fimotim 
of  the  stratified  dielectric  medium  the  secondary  field  generated  by  the 
current  (2)- at  any  observation  pcint  can  be  written  via  the  Fourier-t^^ 
integrals.  For  instance,  the  electric  field  in  the  upper  free  space  region 

can  be  represented  in  the  following  way  (suppressing  e  >: 

’r  ''6i“*e2^ 

Ey^<.x>2a,  z^)  - 


with 

D<*)=P£j^th(p^h)Cpoh(^£,a)+pgj^sh(2pgja)]+Pg2Cpsb(2p-ja)+pgjCh(2pgj^a)3.  (4) 


where  3C*is  a  spectral  variable,  Jq  is  a  Bessel  function  of  the  aero  kind, 

,  p=(a^-k^)^'^  (Rep  >0  if  |il>k  and  Iip  >0 
if  1*1  <k  Bust  be  used  to  ensure  the  Somnerfeld  radiation  condition),  jl^j  is 
free  space  permeability. 

Next,  the  secondary  fields  generated  by  each  of  the  strips  must  be 
superimposed.  In  addition,  the  primary  field  of  the  TB^-mode  must  be 

included.  Putting  the  observation  point  on  the  nth  strip,  equating  the  total 
tangential  electric  field  in  this  point  to  zero  and  using  the  Galerkin 
technique,  we  obtain  a  set  of  the  Kirchhoff-type  equations  of  order  H  in  the 

normalized  ccaplex  current  amplitudes 

'  Ejm^mn  =  n,=l,....N.  (5) 

11=1 

(B)*n)  . 

The  value  L  denotes  the  distance  from  the  origin  of  the  coordinates  to  the 
center  of’ the  nth  strip.  For  the  equidistant  array  we  have  L^=(n-l)l.  The 
value  Bq  in  the  right-hand  side  of  (5)  depends  on  the  aiplitude  of  the 
primary  TEj^-mpde.  The  coefficient  viewed  as  a  mutual  impedance  between 
the  nth  and  mth  strips  is  given  by: 


=  |jo' 


th(Pg2h)Cpsh(^gja)-ti?gjCh(2pgj^a)] 


exp(-j*l^)d*  ,  (6) 

aui 


where  1  =  IL  -L  I .  In  a  similar  Wi  the  coefficient  2-,  maybe  treated  as 

iri'  *  n  D  ^ 

a  self  impedance  of  the  nth  strip,  namely:  2g=Z^(m=n). 

The  scattering  and  radiation  characteristics  (the  reflection  and 
transmission  coefficients,  the  H— plane  radiation  pattern  and  the  radiated 
power)  can  be  straightforwardly' determined  from  the  solution  of  system  (5) 
describing  the  complex  current  distribution  in  the  grating. 
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igA  A  pl^ar  antenna  on  a  double-layer 
dielectric  slab  and  a  laetal  grating 
excited  by  the  TE^-surfac©  node. 


Fig- 3  The  radiaticn  and  scattering 

cteracteristics  of  the  structure 
TO  K  (f=67GHz). 


deg. 

Fig. 2  The  H-p lane  radiation  pattern  for 
a  single  netal  strip  (N~l): 

1  -  f=:60GH2,  2  -  f=63GH2,  3  -  f=67OT2 


Fig. 4  The  H-plane  radiation  pattern 
for  the  grating  consisting  of 
H=51  strips  (f^BTGHz). 


.  3  . RESULTS 

First,  we  considered  the  sinpiest  structure  with  a  single  oetal  strip 
(K=l).  The  paraoeters  are  chosen  as  follows:  £^-10.0,  £2=2.0,  2a=0.5Baa, 

h~2  n»mi  2w=04aii.  The  calculated  H-plane  radiation  patterns  for  some 
frequencies  are  shown  in  Fi^.2.  Physically,  the  two  sysmetrical  near 

the  gracing  directions  are  attributable  to  the  TE2  leaky  node,  which  IS  a 

part  of  the  total  diffracted  field,  propagating  and  weakly  decaying  on  tte 
double-layer  slab.  Indeed,  as  the  frequency  increases,  the  radiation 
move  syimetrically  to  the  grazing  directions  taking  the  values  »Q(60Cai2)= 

38°,  {q(63GHz)=  30°,  ®q(67GHz)=  17°  and  180°-*q  correspondingly.  On  the 

other  hand,  the  numerical  solution  of  diversion  equation  (1)  in  the 
leaky-mode  region  on  these  frequencies  gives  the  following  values. 
1^(,GQCiiz)=  k(0.7655-j 0.0523),  •Tpg2(®3GH2)=  k(0.8594-j0.0341),  'lj^(67GH2)c 

k( 0.9548-0 0.0163).  One  can  easy  to  determine  that  cos4q?  every 

frequency.  Consequently,  the  evolution  of  tte  peaks  in  Fig. 2  ccsapletely 
conforms  to  the  dependence  in  the  complex  I-plane. 

Thus,  as  follows  from  the  afore-said  discussion,  the  TE^  leaky  mode  can 

affect  the  radiation  property  of  a  single  metal  strip  situated  inside  the 
double^layer  dielectric  structure.  As  was  noted  before,  this  cxxiclusion 
closely  agrees  with  a  leaky-wava  analysis  of  the  narrow-beam  "resonance 
gain"  phenomena  which  may  be  produced  in  a  substrate-saiperstrate  geometry 
(2).  Consequently,  the  TE2  leaky  mode  have  to  be  taken  into  account  in  the 

further  analysis  of  a  finite  nusiser  of  scatterers  with  mutual  couplings. 

For  instance,  some  radiation  and  scattering  characteristics  of  a 
finite-periodic  grating  with  period  l=1.774mm  were  calculated  on  a  frequency 
of  f=67GH2  (the  other  parameters  remain  as  before).  The  reflection  (|Rl>  and 
transmission  (IT I )  coefficients  together  with  the  relative  radiated  power 
fP  .)  vs  H  are  shown  in  Fig. 3  (N  varies  up  to  51).  It  should  be  noted  that 
'  rad ' 

the  reflection  coefficient  is  high  enough  for  this  concrete  situation.  The 
H-plane  radiation  pattern  for  the  case  N=51  is  given  in  rig.4.  In  accordOTce 
with  the  afore-discussed  the  TE2  leaky  node  is  responsible  for  the  ^ikes 

occurring  near  the  grazing  directions.  This  clearly  demonstrates  the 
influence  of  the  leaky  mode  on  the  radiation  behavior  of  a  planar  beam 
antenna  on  a  double— layer  dielectric  structure. 

4.C0RCLUSI0NS 

This  paper  discusses  the  approximate  approach  to  the  analysis  of^  surf are 
mode  scattering  by  metal  strips  placed  inside  a  double-layer  dielectric 
slab.  Impact  of  a  higher-order  leaky  mode  on  the  radiation  behavior  of  the 
structure  is  analyzed  for  two  situations.  The  first  one  concerns  a  single 
strip  while  the  other  situation  deals  with  a  grating  of  finite  extent.  The 
latter  finite-periodic  structure  can  be  used  as  a  planar  beam  antaina  for 
microwave  and  millimeter -wale  applications. 
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ABSTRACT 

The  dcpcadcace  of  the  aonnaOzed  ridar  cross  section  on  the  sea  state  it  normal  inddence  b  theoretically 
investigated.  Slight  dependence  of  the  cross  section  on  fetch  for  a  Seveioping  sea  waves  b  shown.  A  new 
algorithm  of  determining  the  wind  speed  wing  the  independent  Bltimelric  measurements  of  the  cross  section 
and  wave  hdgkl  b  proposed. 


INTRODUCTION 

At  altimetric  measurement  over  the  ocean,  the  form  of  the  backscattered  pulse  for  determination  of  the 
wave  height  b  used.  The  normalized  radar  cross  section  b  applied  to  define  the  wind  speed.  However,  the 
itndy  performed  in  (ij  has  shown  that  the  exbting  algorithms  permit  to  determine  the  wind  speed  with  the 
rros  error  equal  to  l.Tm/s.  Fig.l  gives  the  comparison  of  the  contact  measurements  of  the  wind  speed  with 
GEOSAT  data  (the  wind  ipeei  was  found  by  the  empirical  formula).  The  points  are  uniformly  scattered 
near  the  correet  value.  Such  behavior  of  the  points  and  not  very  high  accuracy  of  defining  the  wind  speed  is 
explained  by  the  fact  that  the  algorithms  used  now  are  regresiivc  and  are  obtained  by  the  set  of  experimental 
points.  Using  this  approach  it  is  imposrible  to  achieve  a  better  accuracy,  because  various  wind  speeds  may 
correspond  to  identic^  values  of  measured  cross  section. 

This  paper  considets  tbe  main  factors  affecting  the  cross  section  and  studies  the  possibility  of  their  taking 
into  account. 


THE  INITIAL  ASSUMPTIONS  AND  RESULTS. 

The  cross  section  b  defined  by  the  state  of  the  sea  surface  which  unambiguously  depends  on  the  wind 
speed.  When-  the  inddence  angla  are  small,  the  cross  section  measured  along  the  direction  of  large-scale 
waves  propagation  (along  the  axis  X)  b  defined  by  the  well-known  formula  [2,3,4]: 

eo  -  ,  ^ 

*.  2cr,<y|  C03^  ffo 

wiere  and  Ere  the  dispersioas  of  the  surface  tilt  along  the  aaes  X  and  Y;  /J(0)  Is  the  Fresnel  coefficient 
of  rejection  at  normal  incidence;  So  is  the  incidence  angle.  To  take  into  account  the  ripples  effect  on  the 
rejected  field  the  effective  refiection  coefficient  Rtf/  h  introduced  [5,6|.  In  our  calculations  the  JONSWAP 
spectrum  was  used  [7].  In  paper  the  foDowing  symbols  are  used:  x  is  the  length  of  the  wind  fetch  in  meters; 
i  =  r^/f/]0  is  the  nondiraensionaJ  fetch. 

Let  the  wind  speed  at  the  height  lOm  L^io  is  equal  lOm/s.  The  curve  1  in  Fig.2  indicates  the  dependence 
of  the  cross  ^tion  on  the  nondimensionar fetch  f.  It  is  seen  from  the  Fig.2  that  except  the  initial  stage 

eitkfi-  wmi,  Ike  oy^  sedion  is  l&ss  in  tlie  process  of  the  devdopment  in 

developed  wind '  waves.  This  is  expisuned  by  the  fact  that  the  dispersion  of  tilt  is  greater  at  the  stage  ol 

wave  development.  The  calculationa  are  made  at  the  fixed  effective  refiectiou  coefficient  corresponding  to 
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bocasc  of  the  fetd,  the  waves  heigkt  will  lot  diuige.  ^ 

For  yio  =  lOm/s :  xi  =  2.06-  10*m  or  X,i  =  1.58-  10*m.  However, » the  paper  [lOj  oaor  also  “C  fetches 
3-  10*m  and  6-  lO’^m.  The  simplest  interpretation  of  this  fact  U  that  swell  appears  whid  increases  the  tot 
waves  height  (at  the  fixed  wind  speed),  and  accordingly  to  the  formula  (3)  it  kadi  to  the  incre^  of  X,. 
Ut  Uio  =  lOm/i.  We  take  from  the  Table  given  in  [lO]  three  intervals,  whose  left  end  refers  to  the  stage 
of  developing  waves  and  the  right  one  refers  to  the  nysUin  of  wind  waves  pins  swell.  We.  take.  iJso  one. 
point  wHch  entirely  refers  to  mixed  waves.  For  definiteness  we  shall  assume  that  the  wavelength  of  sweU  u 
A  =  isOm.  For  swell  the  parameter  7  ia  JONSWAP  spectrum  equals  10,  and  we  find  the  value  a  using  the 

knowledge  of  the  dispersion  of  swell  deviation  (In  the  system  the  wind  waves  plus  swell). 


The  Fig.3  shows  two  curves  -  the  curve  I  is  plotted  on  the  basis  of  the  experimental  data  arid  the  enrve  2 
on  the  basis  of  our  datv  The  theoretical  curve  2  shows  a  good  coinddena  with  the  experimental  data.  For 
convenient  comparison  the  cross  section  in  the  point  A,  =  ll5hm  coinddea  and  for  the  subsequent  points 

the  difference  between  the  given  point  from  the  first  one  is  nsed.  ,  ,  .  r  .i 

Let  consider  more  carefnlly  the  case  of  mixed  sea.  The  enrve  1  in  Fig.d  shows  the  dependence  of  the  cross 
acctlon  on  the  wind  speed  Um  for  the  developed  wind  waves.  As  the  wind  speed  Increases  the  wave  height 
incrdises  and  the  ctoss  section  deaeascs  (the  height  of  waves  and  the  wind  speed  unambignously  relate-to 
each  other  through  spectrum).  The  wave  height  may  increase  also  becouse  of  the  swell  arrival.  The  curve 
2  is  corresponds  the  case,  when  there  are  developed  waves  on  the  anrfa^  corresponding  to  the  wind  speed 
Uio  -  Imlt  (the  rras  of  the  surafee  elevation  an  =  0.29m)  and  swell  with  A  =  150m.  The  swell  height  is 
defined  from  the  condition  that  the  height  of  mixed  waves  is  eqnal  to  the  height  of  the  wind  wavra.  When 
plotting  the  curves  on  Fig.4  we  use  the  condition  that  wave  heights  are  eqnal.  It  b  seen  from  the  Fig.f  that 
the  dependence  of  the  cross  section  on  wave  heights  rliffeni  essentially  in  both  cases  that  pernuls  to  find  the 
wind  speed.  Wind  speed  can  be  found  as  the  solution  of  the  following  system: 


f  hm=A,(l/io)  +  h.  (4) 

I  Vbi  =Uo{l/lO,h») 


Here,  /i«  and  (r„  are  the  measured  wave  height  and  cross  section  co^pondingly;  h,  is  the  haght  of  swell; 
A.  b  the  height  of  wind  waves.  Thus  for  the  case,  when  developed  wind  waves  and  swell  present  simultane¬ 
ously  on  the  surface,  the  solution  of  the  system  (4)  gives  the  wind  speed.  .  1  i  > 

How  can  we  present  the  algorithm  of  defining  the  wind  speed?  First  we  find  the  cross  section  by  the  known 
dependence  <ro  on  the  waves -height  for  the  case  of  the  developed  wind  waves.  Three  vanants  are  ^sible 
•  the  coincidence  of  the  measured  cross  section  with  the  theoretical  one  -  we  assume  that  the  wind  speed 

is  defined  correctly.  If  the  measured  cross  section  is  greatw.  then  it  will  corrapond  to  the  c^ 

sea  ahe  developed  wind  waves  plus  swell).  In  this  case  to  dehne  the  wind  speed  it «  necessary  to  solve  the 
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tke  s?isd  »peed  U10  =  lOra/i.  However,  is  tke  process  of  the  wsve  development,  the  spectrsm  of  ripple  sJso 
develops.  We  h&vc  not  found  the  experimental  data  concerning  directly  this  problem,  bat  there  is  indirect 
information. 


In  paper  [8j  on  the  basis  of  the  analysis  of  extensive  experimental  material,  the  tendency  of  decreasing 
the  wind  speed,  denned  by  the  scatterometcr  was  observed  in  comparison  with  the  real  data  (mcasared  by 
contact  method)  at  the  stage  of  the  development  of  waves.  In  the  first  approximation  we  may  account  that 
this  is  pedaled  with  a  less  spectral  ripple  density  on  the  process  of  waves  development.  The  error  caused 
by  this  fact  may  achieve  <.8m/s  {8J  at  the  stage  of  waves  development. 

The  analogous  data  are  given  in  paper  [9j.  In  particular,  at  io  =  2  •  10^  the  error  achieves  40  %.  We  shall 
assme  that  at  the  stage  of  the  developed  wind  waves  (ii  s  2  •  10* )  the  wind  speed  found  by  the  cross 
section  and  the  real  wind  speed  coincide.  To  get  the  simplest  estimate  we  assip  the  linear  dependence  of 
the  efative  wind  speed  on  the  fetch.  Then  for  2000  <  x  <  20000: 

I4//  =  0.6f/ic  +  0.<l/io(i-xo)/(xt-rc)  (2) 

The  two  basic  ussaraptions  lay  in  the  basis  of  the  proposed  method;  l)thcTneasnreraents  are  made  at  middle 
angles  show  that  the  spectral  density  of  ripple  increases  in  the  course  of  waves  evolution.  Thus  we  introduce 
the  effective  wind  speed  corresponding  to  the  spectral  density  of  the  ripjile  at  the  given  length  of  the  fetch 
(formula  (2));  2)  the  formula  for  the  scattering  miss  section  (l)  includes  the  coeffidenl7?< / / ,  which  depends 
on  the  wind  speed  (or  the  spectral  density  of  ripple).  Here  the  effective  wind  speed  is  usei  The  effective 
wind  speed  is  found  by  the  formula  (2)  and  corresponds  to  the  spectral  density  of  ripple  at  the  given  stage 
of  waves  development. 

Using  the  information  on  the  dependence  of  the  effective  scattering  coefRdent  on  the  wind  speed  [5],  we  have 
obtained  the  dependence  of  the  cro^  section  on  the  fetcL  The  curve  2  in  Fig.2  corresponds  to  this  case.  It 
is  reen  that  cross  section  changes  slightly  at  the  stage  of  waves  development.  Let  compare  this  tkeorctica! 
result  with  the  available  experimental  data. 

in  paper  {lOj  the  scattering  cross  section  is  analyzed  on  the  basis  of  the  experiraenlal  data  for  various  lengths 
of  fetch.  Unfortunately,  the  space  intervals  in  which  the  analysis  was  performed,  are  too  large.  In  this  reason, 
it  is  impossible  to  consider  the  interval  corresponding  only  to  the  stage  of  waves  development. 

The  authors  [lOj  used  the  definition  of  the  generalized  fetch  deffned  in  the  following  way: 

(3) 

i.c.  Xf  w  j  /f,  is  a  significant  height  of  waves;  Uis  is  the  wind  speed  at  the  height  19.5m,  When 
wind  speed  IS  constant,  tie  ocean  waves  achieve  the  stage  of  the  developed  wind  waves  and  at  the  further 
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system  (4).  In  tKe  opposite  CEse  we  ded  witK  developing  wind  waves  and  svrelL  Tkis  variant  allows  the 
jmsiog  exjnsideration. 

Conseqnently,  iavittg  tke  mdependeclly  obtained  inforroalloa  on  the  cross  section  and  tbc  waves  Keiglit. 
(wUck  permits  to  make  the  altimeter),  using  the  proposed  method  one  may  try  to  define  the  wind  speed  for 
the  case  of  mixed  waves.  To  estimate  the  potcntidlty  of  this  method  one  should  process  experimental  data. 

CONCLUSION 

In  condusioii  we  mention  that  tlft  paper  theoretically  shows  that- the  cross  section  wealdy  depends  on 
the  fetch.  The  oomparisoa  with  the  experimental  data  ghov?«  that  the  following  model  of  waves  may  he  used! 
wind  waves  pita  swell.  The  case  of  mixed  sea  is  considered  and  this- permits  to  propose  a  new  method  of 
defining  the  nrind  speed  using  the  wave  height  and  the  cross  section.  In  paper  [ll]  the  wave  height  is  taken 
into  account  but  in  the  regression  algorithm.  The  comparison  with  the  existing  algorithms  has  shown  that 
it  iai  better  accuracy;  the  ring  error  of  defining  the  wind  speed  constitutes  l.fm/s. 

A  new  method  of  determining  the  wind  speed  using  the  independent  altimetric  measurements  of  the  cross 
section  and  the  wave  height  is  proposed  for  mixed  sea.  This  method  allow  to  remove  the  uncertainty  when 
different  wind  speeds  correspond  to  the  same  cross  section.  The  further  joint  theoretical  and  experimental 
study  of  the  cross  section  will  permit  to  improve  the  estimation  of  the  wind  speed  using  the  data  of  nadir 
probing. 
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Elecironagnetics  of  Simplest  H-Eigenwaves 
in  Periodic  Iris-Loaded  Circular  Waveguide 

Serge  K.  Katenev 
Kharkov  State  University 
Svobody  Sq. ,  4  ,  310077,  Ukraine 

Abstract  -  Vsin$  some  routine  rigorous  computation  procedure,  general 
backgrotmd  of  eigenwaves  in  periodic  iris-loaded  circular  mveguide 
CPIOD  is  presented  for  theoretical  treatment  of  EM-wave  propagation 
in  PTCV  to  have  started.  A  simplest  H-wave  event  is  treated  in  detail. 

1 . Introduction. 

Widely  practically  used,  PIGW  still  has  blank  spots  in  its  elec¬ 
tromagnetics  treatment  both  in  general  and  in  some  specific  aspects. 

To  save  the  argument,  let’s  note  that  PICW,  a  periodic  structure 
transmitting  EM  waves,  is  obeying  of  all  the  laws  in  effect,  e.g. : 
al  pass/stop  band  nature  of  propagation  111;  b)  linear  dispersion  ori¬ 
gin  of  the  waves  behaviour  12] ;  c)  coupled  waves  model  in  effect  13]. 
These  general  principles  combining  uniformly  all  the  3  types  of  waves, 
TECH),  TMCE),  and  hybrid  ones,  are  to  be  kept  to  in  order  to  succeed. 

H-waves,  the  simplest  ones  in  the  trio,  are  the  least  in  use  and 
thus  rare  in  papers,  except  some  odd  data  concerning  their  dispersion 
curves  mostly.  But,  this  can't  be  made  up  for  in  view  of  ,  e.g.  ,  the 
theory.  What  is  a  number  of  eigenmodes  in  the  guide  or,  at  least,  how 
to  count  them  through?  Which  are  eigenmodes’  quantitative  characteris¬ 
tics  and  what  are  they  exactly?  Which  are  major  factors  or,  at  least, 
major  guide’s  dimensions  in  effect,  and  in  what  way  do  they  work?  No 
answer  at  the  time  to  those  questions  should  evidently  provide  solid 
proof  for  the  absence-of -theory  declaration  as  well  as  serve  as  best 
reasoning  in  why  an  attempt  to  develop  such  a  one  is  worth  trying. 

2.  Eigenwaves  in  Periodic  Waveguide. 

Generally,  numerical  info  in  the  matter  is  of  2  kinds;  Brillouirj 
diagrams  CBD)  and  energy  characteristics  CEO,  e.g.  ,  Poynting  vector  S 
and  power  flow  P.  The  both  kinds  of  info  are  y. elding  in  the  study. 

Infinitesimal  iris  in  the  regular  guide  transforms,  its  BD  as  is 
in  Fig.  1,  the  perturbed  regular  modes  are  1,2,3,6,11.  Regular-periodic 
transition  resides  in:  a)  periodic,  period  1,  translation  of  regular 
dispersion  curves  tree;  b)  absence-of-propagation  in  the  vicinity  of 
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cross-points  (called  [41  Bragg  wave  numbers  KOg)  of  neibouring  trees' 
branches.  The  both  facts  convey  originally  the  2  fundamental  proper¬ 
ties  of  periodic  structure  C41;  1)  availability  of  a  set  of  space  har 
monies  O.il  .^2, . . .  ;  2)  alteration  of  pass  and  stop  bands.  Of  1),25 
properties,  11  is  equivalent  to  periodic  structure  itself,  whereas  2) 
is  a  corollary  of  11  and  generally  is  a  relative  property,  Fig.1,3. 

Basic  strip  xa  6  [0,0.51,  x  €  [O.cnl  suffices  in  the  matter. 

Exact  fashion  of  modes'  origination  and  transformation  is  deter¬ 
mined  foremost  by.  the  guide's  period. 

Admittedly  [41,  relationship  jeag=m/2,  m=l,2,.  .  .  ,  is  relevant  in 
periodic  structures,  and  a  model  of  added  in  phase  successive  reflec 
tions  from  perturbations  is  workable.  But,  since  there  are  essentially 
other  than  that  Bragg  wave  points  in  PICW,  Fig.l,  and  in  view  of  both 
infiniteness  of  x  axis  and  general  arbitrariness  of  1.  the  ratio 
X  being  Bragg  wavelength,  seems  to  be  as  well  arbitrary  in  the  guide. 

^  Points  xa=0  either  correspond  with  the  cut-off  friquencies  in  re¬ 
gular  guide,  the  eigenmodes  concerned  compose  the  1-st  group,  or  they 
are  (O.Xgl  points  which’ appear  in  PICW  due  to  effect  of  periodicity, 
the  modes  concerned  compose  the  2-nd  group. 

In  this  way,  periodic  infinitesimal  iris  in  regular  waveguide  re¬ 
sults  in  identical  mapping  of  its  BD  from  the  upper  triangle  x  >  *a  of 
I-st  quadrant  of  Cxa.xl  plane  into  the  basic  strip  according  to  pro¬ 
perty  11  of  periodic  structure;  the  total  number  of  eigenmodes  is  to 
be  estimated  as  a  unification  of  2  countable  sets  of  the  1-st  and  2  nd 
type  modes;  all  the  eigenfriquencies  are  held  constant  at  the  mapping, 
except  in  Bragg- wave  points  where  they  generally  vanish  at  all. 

In  the  guide  S^^)0  C <01,  P^>0  C<01  a^  n>0  Cn<01  provided.  d*/dxa>0 
and  w.  This  fact  validates  splitting  of  S,  Fig. 2,  and  P  as 

Q  =  Q-+  0'*+  Q*+  Q*',  CQ=S.P1. 
where  superscripts  denote  '  X 

Vector  fields  (11  in  Fig.  2,  -t  ^  z  <  present^ mode  and  vector 

S'eS  is  cgn^ra-directional,  vector  S  =^5"’^+ S’^+  S*'  is  co-directional 
to  vector  S=S.j..  where^T,R.I  are/or  transmitted,  reflected,  initial. 

S.^Cr.zl  =  SjCr.zl  +  Sjj(r.zl. 

None  of  the  vectors  (21  represents  by  itself  the  eigenwave, 

whereas  any  two  of  them  do. 

Similar  relationship  is  relevant  for  P 
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FIG.2 

vector  5  fletd  and  att  its  u^redieot  portions 
»er  the  uaCt  ccff  tin  &e  ppperJtafJ}  ^  the  guide  (3. 2.635^ 


FIG.  i 

Brifteuin  diagram  PiCW  at  w/iniieslmat 

peritirSafions  of  regufuritg^P’‘i^t’di7S,d’Qes/*zss. 
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:X3!)  quantitates  inode's  energy  with  resect  to  its  distribution 
PC ao)  upon  basic  interval  and  full  mode’s  capacity- P”  ^  /"-"Pdaa. 

3. Stop  Bandwidth  Extremums  and  Some  Other  Characteristics  of  H-Waves 

BD  of  large  period  guide  is  presented  in  Fig. 3.  ,  i=l,2,...8 

■odes  are  available  in  the  band.  Friquencies  CO. a). CO. 5. a)  vs  9  for 
some  of  the  modes  are  plotted  in  Fig.  4  Stop  bandwidths  Aw.  .  i  =1.2,3, 
have  i  maxima  and  i-1  minima  as  well  as  similar  Aw*,  Aw^  bands  have, 

H  ’s  P,.,C«cO  at  d  of  Aw.„,^  Cbigger  plots)  and  Pj^CS)  depen- 
dencies  are  shown  in  Fig. 5.  The  highest  level  of  PCaa;r)  goes  down  and 
lowest  level  of  PjjCaa;r)  grows  up  at  the  growth  of  perturbation.  Pj 
experiences  a  quite  definite  stability  as  r  varies. 

H  ’s  case  is  presented  in  Fig.  6,  P.j. -Caa)  are  at  d’s  of  Aw^ 
bandwidth  extremums  for  t=2.0:  2  upper  Cminor)  plots  exhibit  P”jC0) 
at  r=2. 8. 2. 4,2.0.  There  is  strong  reflection  when  Aw^  bandwidth  is  ma¬ 
ximal  and  w.  The  transparent  aa  interval  of  is  not  bounded  to 

aa=0  vicinity.  The  2-nd  maximum’s  level  of  P  is  much  lower  than  the 
i-st  one’s,  the  greater  perturbation,  the  greater  is  difference. 

4.  Conclusions 

Both  quallitative  and  quantitative  principal  background  regarding 
eigenwave  propagation  in  PICW  has  been  formulated  and  put  to  effect. 

It  has  been  used  in  a  specific  simplest  H-wave  event.  The  left 
edge  aa=0  of  mode  is  Bragg  wave  point,  Pi=Pr.  have  the 

Bragg  wave  points  on  their  both  edges,  except  under  some  transparence 
conditions  at  certain  d's  when  there  may  be  no  Bragg  points  at  all 
Ce.g.  ,  in  Awi  bandwidth  minima).  These  conditions  are  "lengthy"  in  aea. 

H^wave  eigenfriquencies  monotoneously  grow  up,  varying  in  speed 
of  the  growth,  at  the  growth  Cr,  6  going  down)  of  perturbations. 

Each  eigenwave  has  its  reflected  power  flow  portion  P^^^O,  except 
at  d-amount  transparence  conditions. 

There  is  one-to-one  correspondence  among  BD  and  EC  kinds  of  info. 
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ABSTRACT 

Difraction  of  waves  is  treated  upon  a  joint  of  a  regular  and 
periodic  loaded  waveguides,  both  co-axial,  half-infinite  and  of 
identical  cross-sections.  Repeated  loading  elements  are  a  grating 
iris  of  conducting  tapes  with  magnetodielectric  spacer  in  between. 
The  method  employed  is  based  upon  equality  of  the  input  impedances 
of  a  loaded  guide  in  the  plane  of  a  joint  and  in  any  cross-section 
a  finite  number  of  periods  far  from  the  joint. 

The  sought  for  coefficient  of  reflection  from  the  half-infini¬ 
te  secquence  of  elements  is  determined  using  a  single  element’s 
reflection  characteristics  obtainable  as  symmetric  guided  waves 
difraction  problem's  solutions  using  the  Vainstein-  Sivov  double¬ 
sided  equivalent  boundary  conditions  method. 

The  conditions  of  a  absolute  wave  reflection  on  the  joint  ha¬ 
ve  been  revealed  and  the  relation  of  those  and  the  eigenwave  con- 
nditions  in  infinite  periodic  loaded  waveguide  has  been  displayed. 

INVESTIGATED  STRUCTURE 

Object  of  investigation  is  a  junction  of  the  regular  and  pe¬ 
riodically  Cperiod  13  loaded  waveguides;  both  rectangular  Ca  x  b) 
and  half-infinite.  Amount  L  includes  a  magnetodielectric  spacer's 
C  ,  P/  >  thickness  D.  Upon  its  surface  there  is  a  grating  of  a 


feriod  I  and  gap  d  composed  of  ideal  conducting  infinitissimally 
hin  tapes  parallel  to  the  guide’s  narrow  wall.  The  other  part  of 
the  period  tl  -D)  is  filled  with  the  same  Csq  ,  pq)  medium  as  the 

regular  guide  CFig. 1).  Assumingly,  period  I  is  mush  less  than  wa¬ 
velength,  )t=kl/2.n  «  1.  Excitation  shall  be  due  to  symmetric  TE  - 
waves.  These  assumptions  do  exclude  a  mode  transformation  and  an 
elementary  unit  cell  of  the  iris  waveguide  is  representable  as  an 
equivalent  four-pole. 

MODEL  FOR  THE  HALF  •'INFINITE  PERIODIC  LOADING 

Because  of  periodicity  and  half-inf initeness  of  the  structure 
the  waves  propagating  in  the  positive  direction  have  equal  input 
inpedances  in  the  cross-sections  z  -  NL  CN  =  0,1,2,. .  .3  ill.  For 
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this  reason  the  sought  fw  reflection  coefficient  C  R  )  just  on' 
the  joint  C2  =  0)  and  these  same  at  the  input  of  any  two  (neigh¬ 
bouring,  e.  q  }  out  of  the  whole  lot  of  the  equivalent  four-poles 
are  equal.  This  fact  does  determine  the' relation  between  R  and 
the  wave  matrix  S  of  the  four-pole  as 

R  -  R  /  (  1  -  R  :>  (1) 

Suchlike  approach  is  also  valid  in  asymmetric  wave  and/or 
anisotropic  filling  events  when  the  mode  transformation  is 
occurring.  In  that  case  the  composing  elements  of  the  loading  are 
representable  by  respecting  multi -poles  while  the  reflected  field 
is  described  via  a  vector-column  of  the  reflection  and  transforma¬ 
tion  coefficients. 

For  finding  out  the  wave  matrix  S  both  the  ordinary  and  the 
generalized  double-sided  equivalent  boundary  conditions  upon  a  to¬ 
pe  grating  ought  to  be  used  [23.  At  arbitrary  the  structure's  pa¬ 
rameters  and  the  exciting  field  |  S^^. =  1.  As  the  roots  squ¬ 
are  (1)  are  related  due  to  relationship  obvious 

condition  |  |  5  1  provides  a  uniqueness  of  solution. 

INFLECTION  C 

The  peculiarities  about  the  structure  in  question  are  the  ava¬ 
ilability  of  bands  of  full  reflection  C  stop-band  )  and  a  polari¬ 
zation  susceptabillty.  While  the  first  is  due  no-propagation  con¬ 
ditions  in  periodic  loaded  waveguide ,  the  second  is  due  to  the 
anisotrooic  conductivity  of  the  grating.  The  wave  propagation  con¬ 
ditions  are  the  effects  of  the  eigenwave  conditions'  cause  in  the 
infinite  guide  formed  up  by  the  sequence  of  the  elementary  cells 
considered. The  output  and  input  field  amplitudes  for  each  of  them, 
according  to  Floquet  theorem,  are  related  through  the  factor 
expC-iylJ.  The  "avaraged"  propagation  constant  y  -  is  obtainable 
from  dispersion  equation: 

cosyL  —  Cl  —  Syy  ^22  ^12  ^21^^  ^^22  C2y 

When  Icos^Ll  t  1  the  waves  in  the  infinite  guide  do  not  propagate. 
The  parameters  of  the  structure  regarding  the  last  inequality  de¬ 
fine  the  full  reflection  conditions  in  effect.  While  in  rEjjj^-event 

at  arbitrary  ratio  d/l  the  upper  boundary  of  the  stop  band  appears 
to  be  fixed  on  the. scale  kL  ,  in  TEq^  -event  it  is  the  lower  one 

that  is  fixed.  In  the  both  cases,  growing  narrower  C  at  d/l — >1  3, 
the  stop  bands  go  somewhat  shrinking  towards  their  fixed  border. 

In  the  absence  of  magnetodielectric  spacers  (  Zq  =  =  Z  =  Mp/y  J 

for. the  "overlapping"  of  the  bands  of  partial  transition  for  the 
both  types  of  waves  C  e,h  it  is  necessary  that  in  one  time  the 
two  relationships  be  valid 

2Z  ®>e|lnsinCnd/EU|  <  I  and  Z  ^/2x\li\cosC nd/ZD \  <  1. 

In  0.1  <  d/l  S  O.  9  interval,  the  first  condition  is  ever  valid 
and  the  bands  of  the  partial  transition  of  TEqj^  -waves  are  wider 

than  those  of  -waves.  . 

Dependence  of  the  reflection  coefficient's  R  module  vs  ML  my 
be  described  as  the  ‘‘beatings"  of  oscillatory  functions  of  diverse 
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Deriods.  Their  mutual  period  grows  up  at  the  groyrt,h  of  both  the 
ratio  D/L  and  opUcal  density  of  the  spacer.  The  grating^causes 
weak  perturbatins  in  the  dispersed  -wave  field.  In  Che 

event  even  at  d/l  ^0.9  the  grating  not  only  causes  an  increase 
in  the  minimal  level  of  the  reflection,  but  makes  principal  chan¬ 
ges  in  its  character  CFig.2). 


The  decisive  for  R  vs  D/l  is  whether  the  interferencial  reso¬ 
nances  exist  dkl/Z  >  n/2)  or  not  CM./Z  <  n/2).In  no-resonant  case, 
R.  us  D/L  dependency  is  raonotoneous  (without  oscillations).  It  s 
level,  when  grating  is  used,  depends  upon  the  excitation  field  s 
type. 

RESUME 

The  loading  of  a  half-infinite  periodic  iris  waveguide  posse¬ 
sses  of  vast  functional  capabilities.  It  models  important  in  prac¬ 
tical  applications  the  control  systems,  namely:  a  selector,  a  wpe 
type  transducer  and  stabilizer,  band  and  resonant  friquency  filt¬ 
ers,  a  standard  reflector,  etc. 
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ABsma 

The  matrix  method  of  diffraGt ion  theory  with  discrete  and 
integral  sGattering  p^^^  for  a  individual  inhomogeneity 
is  developed.  Quasi  -optical  transmission  lines,  reentrant 
and  one-  entry  resonators  with  resonant  and  wide-  band  co¬ 
upling  elements  were  investigated. 


A  resonant  radiatinq  module  of  phased  array,  transmission 
and  load  resonators  and  like  [Fig. 1-33  are  modelled  by  the 
set  of  elementary  heterogeneities.  They  consist  of  waveguide 
joint  of  differently  dimensioned  and  a  half-infinite  flanged 
waveguide.  From  the  regorous  solution  of  the  dif fraction 
problem  for  each  inaiYidual  heterogeneity  a  matrix  or 
integral  scattering  operators  have  been  found.  Original 
scattering  fields  have  been  determined  in  the  form  of  the 
Neuman  operator  series  [13. 

THEORETIOL  BASIS 


To  find  the  scattering  operators  of  the  half—  infinite 


Fig.l 
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flat  waveguide  with  infinite  flanged  waveguide  C Fig. 11 
we  must  consider  radiation  and  excitation  problems.  Since 
the  structure  is  homogeneous  in  axis  Ox,  the  scattering 
fields  for  H-polarizecf  excited  wave  may  be  written  in  the 
form  (  H  =  <0Cy,z.)  expC“twt),0,0»: 


gikCay-yz.)  I 


^  cosnm  Cy-i’b)/2b, 


■/ ~Cnw/b)^ 


Using  the  reexpansion  technique  and  Neuman  boundary 
conditions  we  can  find  the  coupling  between  amplitudes  o.i 
descrete  spectrum  of  guided  waves  and  Fourier  components  oi 

scattering  field: 


b 


CO 


n 


n 


LJO  aCpd^ 
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If  the  structure  is  analyz.0d  in  the  long  wave  range  CX  »  d) 
then  the  last  expressions  are  reduced  to  the  integral 
equation  for  aC^O  which  is  more  preferably  solved  by  iter- 
at ion  technique.  In  resonance  regime  C  X  =  d  )  the  use  of  a 
system  of  linear  algebraic  equations  of  the  second  kind  is 
more  effective.  The  found  scattering  operator  simul^neously 
with  the  scattering  operators  of  differently  dimensioned  wa¬ 
veguides  joint  open  a  prospect  for  modelling  and  reseaching 
of  complex  shaped  conslruclions. 


RESUIJS  AM)  DISCUSSION 

Frequency  characteristic  Cx  ~b/X)  of  the  reflection  coef¬ 
ficient  of  phased  array’s  resonant  radiating  module  is  shov/n 
in  Fig.  2.  For  single  wave  regime  (?«  <1)  this  characteristic 
has  oscillate  behaviour  with  a  period  which  depends  on  fla¬ 
nged  thickness  (ai).  When  frequency  increases  the  structure 
does  not  radiate  practically  ror  the  basic  harmonic  of  the 
electromagnetic  field.  In  this  range  U\e  character  of 
scattering  is  determined  by  the  fields  of  higher-order 
modes.  The  high  -Q  factor  resonances  with  the  phased  inver¬ 
sion  which  is  equal  to  jt  C  cut  off  modes  )  have  been  found 
on  the  dependences  of  reflection  coefficient  as  a  function 
of  resonator’s  length  CKa).  It  has  been  shown  that  under 
certain  conditions  0-mode  and  the-  nigher-order  modes 
contribute  equally  to  the  total  scattering  field. 

The  aprroach  developed  in  this  work  permits  to  study  the 
scattering  problems  of  electromagnetic  waves  by  more  complex 
constructions  than  ones  which  has  been  considered  earlier. 
Here  we  present  the  frequency  characteristics  of  transmissi¬ 
on  coefficient  of  the  electromagnetic  wave  through  the 
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profiled  slit  in  a  conducting  thick  screen.  The  transmission 
coefficient  dependences  as  a  function  of  frequency  parameter 
X  =  5/X  are  shovm  in  Fig. 3.  ,  ,  '  , 

Its  comparison  with  the  similar  characteristic  of  the  screen 
with  the  same  thickness  but  with  the  regular  slit  Cd=OJ  pro¬ 
ves  the  ability  of  substantial  increase  of  maximal  transmis¬ 
sion  level.  Specially  it  should  be  noted  the  weak  dependence 
T  of  incident  angle  of  electromagnetic  wave.  Such  reradia¬ 
ting  system  may  be  used  in  constructions  of  electromagnetic 
screens.  A  number  of  resonances  and  their  Q-factor  are 
determined  as  by  the  length  of  resonant  cavity  X a)  and  feed 
channels  Coi  ,azj  as  by  the  level  of  their  coupling  (d/b). 


CONCLUSIONS 

,  Thus  using  the  operator  technique  and  knowing  the  scat¬ 
tering  operators  of  basic  elements  permits  to  study  electro¬ 
magnetic  charactiristics  of  much  more  complex  constructions 
modelling  the  well-known  devices  and  new  facilities  of  mill¬ 
imeter  and  quasi optic  wave  band. 
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INTRODUCTION 

The  microwave  amplifiers  are  commonly  used  in  the  repealers  of  lelecommunicauon  s 
satellites.  Their  creation  remains  yet  empirical,  particularly  at  the  level  of  the  interstage  matching  networks 
(equalizers).  Wepresentin  this  work  the  "^simpliJledreal-frequeT^  which  allow  us  the  detenxiination  of. 

the  equalizers  in  a  systematic  and  rigorous  way.  The  published  documents  about  this  subject,  have  never  taken  a 
matter  of  interest  by  the  industrialists  as  a  major  issue:  taldng  into  account  the  input  and  output  polarization  of 
the  transistors:  which  corresponds  to  the  effective  realization  of  the  amplifier.  In  this  communication,  we 
describe  the  modified  method  taking  into  consideration  the  polarization  of  transistors,  and  we  present  the  circuit 
mask,  result  of  a  study  which  is  the  subject  of  an  experimental  realization  in  collaboration  with  ALCATEL 
ESPACE  FRANCE. 

n  DESCRIPTION  OF  THE  MEIHQJa 

The  cfficacity  of  the merAod**  introduced  by  HJ.  CARLIN  and  BJ. 

YARMAN  [11  resides  in  its  simplicity  of  use:  no  equivalent  schema  of  transistors  is  necessary;  it  utilizes  only, 
the  measured  of  the  scattering  parameters  [S]  and  the  noise  parameters  of  the  FET  devices,  to  work  out  in  a 
recursive  way  the  matdiing  networks  of  a  multistage  amplifier  for  narrow  bands  as  well  as  wide  bands.  Neither  c 
prK>/i  knowledge  of  mi  equalizer  topology  is  assumed.  No  approximation  is  made  over  the  transistor,  due  their 
non-unilateial  behaviour.  The  algorithm  of  JJ.  MORE  [2]  based  on  a  modified  MARQUARDT  routine  for  least- 
squares  allows  us  to  make  the  simultaneous  optimizaiicKi  of  ttic  gain,  the  input  and  ouq5ut  VSWR,  and  the  noise 
fiictor.  The  method  based  on  the  BELEVITCH's  rep'esentation  [3]  of  the  equalizers  assures  it  a  systematic 
stability. 

ID  LOW-NQISE  AMFLIFIEK 

This  method  allows  in  this  case  to  synlhetize  the  distributed  elements  of  the  matching 
quadripoles  of  die  amplification  chain  made  by  up  the  transistors,  their  input  and  output  polarization,  and  the 
equalizers  (fig.l).  In  dynamic,  the  polarization  (input,  as  well  as  output)  permit  us  to  carried  out  an  o^:en  circuit 
at  the  level  of  the  transistor's  grid.  The  design  with  the  [S]  parameters  of  the  transistor-polarizations  block,  give 
us  the  expression  of  Uic  gain  for  the  k  stages  oi  the  amplifier. 

I  1 2 ,  I  2 


G  ==G 


with  Gvk-l  •available  gain  of  the  k-1  first  stages, 

Cijk  :  scattering  parameters  of  the  kthequabzefEt, 

C22k  :  lefiection  coefficient  measured  at  the  output  of  Ejr  to  the  left, 

Sijk  :  scattering  paraiheters  of  the  kth  whole  transistor-polarisations. 

The  Cjjjr  paramaters  represents  themselves  from  the  h(t)  and  g(t)  polynomials  relied  by  the  relation  of  non- 
dissipativity  of  passive  nctwoiks: 

g(t)g(-t)=h(t)h(-t)+(i-tY 

wh^  n  represents  the  number  of  distributed  eleirients  of  the  equalizer.  h(t)  dten  characterizes  the  equalizer 
thoroughly  and  is  used  as  unknown  at  the  time  of  the  optiinizalioc. 

Specifications;  pBSsband  5,925-6,425  GHz 

Gain  a29.5dB 

Noise  Factor  ;Sl,6  dB 

Input  VSWR  :S-10dB 

Output YSWR  S-15dB 

Wc  give  the  pcrfonnanccs  (fig.2,3,4)  of  a  low-noise  4-8  GHz  amplifier.  Ihc  parameters  optimitation  is  made 
between  5,925-6,425  GHz.  Like  these  obtained  results  satisfy  the  specifications,  we  have  decided  to  make  the 
realization  of  this  amplifier.  The  fig.  5  shows  the  one  mask  of  this  circuit.  The  fig.  6  represents  ao 
enlargement  of  this 
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Fig.  1:  Schema  of  the  tow>Dolse  amplifier 
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Fig  4:  Noise  Factor  response  EigJSi  O'*  scale®®* 
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ABSTRACT 

A  method  of  virtual  decomposition  consisting  in  breaking  a 
3-D  waveguide  or  grating  component  into  a  set  of  one-dimensional 
discontinuities  by  insertion  of  auxiliary  virtual  waveguides  or 
gratings  is  proposed.  This  method  is  applied  for  soalarization  of 
3-D  waveguide  problems  for  structures  with  rectangular  or  round 
apertures,  diaphragms,  slots  or  coupling  windows,  to  diffraction 
gratings  with  two-dimensional  periodicity,  to  some  nonooordlnate 
problems.  There  exist  problems  which  cannot  be  solved  by  other 
methods. 

Many  effective  numerioal-analytl<»l  techniques  which  have 
proved  their  advantages  are  available  now,  such  as  the  modified 
residual  technique  [1]  or  the  semi-inversion  of  the  differential 
part  of  the  matrix  operator  [2]  ,  but  all  of  them  almost  without 
exception  are  used  for  solution  of  scalar  two-dimensional 
diffraction  problems.  Whereas  the  solution  of  a  vector  waveguide 
problem  mostly  is  obtained  by  direct  numerical  techniques.  The 
technique  discussed,  belpw  permits  to  extend  the  field  of 
numerical-analytical  techniques  application  on  a  wide  class  of 
vector  waveguide  problems.  The  diffraction  on  any  waveguide 
structure  which  can  be  virtually  broke  into  appropriate  separate 
elements  representing  a  discontinuity  only  along  one  axis  can  be 
considered  by  this  technique. 


Plg.1.  Vector  waveguide  Junction^ 


The  simplest  example  of  the  problem  tractable  by  the  proposed 
technique  is  the  Junction  of  two  reotEingular  waveguides  of 
different  oross-seotions  which  can  be  presented  as  a  sucoesslon 
of  two  ''scalar''  E-  and  H-plane  steps  joined  by  a  virtual 
waveguide  of  zero  length  (  Pig. 1).  A  more  complicated  structure  - 
rectangular  slot  in  common  wall  of  two  waveguides  (  Pig.2  )  -  can 
be  represented  for  instance  as  a  Junction  of  two  tees  each  of 
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them  in  their  tvim  is  deoomposed  in  " scalar”  tee  and  step. 


?ig.2.  Rectangular  slot  in  common  wall  of  two  waveguides 


Let's  consider  the  simplest  case  of  the  rectangular 
waveguides  junction  (Pig.1).  We  will  present  the  fields  in 
regular  sections  of  the  first,  second  and  virtual  waveguides  as 
the  superposition  of  lateral  TE  and  (PM-modes.  Either  using  the 
step-by-step  matching  of  the  fields  of  the  first  and  virtual 
waveguides  and  then  of  the  virtual  and  second  ones"  or  applying 
iiranediately  the  generalized  matrix  method  [1]  to  the  component 
consisting  of  two  "soalar”  steps  the  scattering  matrix  of  the 
two-step  discontinuity  S  will  be  found. 


S11  =  s;;4  sly*  sly*  n  -  syy*  syyry 
S21  =  s';>.  s‘=>.  (  I  -  s'*'. 

Where  I  is  unit  matrix,  S11  and  S21  are  matrices  of  reflection 
and  transition  coeffioients  correepondlngly  of  the  two-step 
junction  at  the  excitation  from  the  first  waveguide,  Sj  ' 

(i,d,k=1,2)  are  the  matrices  of  the  reflection  (i=J)  and 
transition  (l^sj)  coefficients  of  the  k-th  "scalar”  junction  at 
the  excitation  from  the  j-th  arm. 

Let's  now  consider  the  scattering  matrices  and  in 
the  basis  of  TE  and  TM-modes.  It  is  very  Important  that  each  of 
them  is  related  with  a  component  uniform  along  one  of  the  axis. 
Then  let's  represent  the  incident  lateral  TEqp  -or  Mqp-mode  as 
the  linear  combination  of  longitudinal  LEqp  and  Illqp-modes 
polarized  along  the  x-axis  which  is  the  axis  of  uniformity  for 
the  first  discontinuity  and  having  the  same  indexes. 

TEqp  =  LEqp  -I-  E^*  lUqp, 

TMqp  =  H“*  LEqp  +  E"*  IHqp, 


where  H(E)||*®-  coefficient  at  x-component  of  the  magnetic 
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teleotric)  field  of  the  ii-qp  (x'*!cjp)-inode.^ 

Let’s  ooiisldei*.  the  dlffr-aotion  of  these  partials. 

Ihxjoeedirj?  from  the  equlvalenoe  of  the  pla^e-plane  am 
reotanP^dlsi'*  waTs^fiiides  [33  the  solutioji  of  the  prowj..®^  the 
diffraction  on  the  component  tmifoiiTi  In  the  x-direoulcn  to  a 
rectangular  waveguide  with  width  a  for  I3:qp  -  polarized 

alongthe  i-axis  can  be  obtained  from  the  solution  of  this 
problem  in  the  plate-plane  region  changing  the  wave  number  K  on 


a 

k’  = 


a  3 

k  -  (cR/a) 


It  is  clear  that  this  principle  can  be  extended  on  the 
longitudinal  magnetic  modes  as  well  as  on  the  another 
polarization.  It  means  that,  knowing  the  solution  of  the  P^hlem 
for  plane  step  to  1-  and  E-planes  the  ecatterdng  matrices  of  .1^7 
end  LM-modes  polarized  along  i-axis  on  the  junction  of  the  first 
and  virtual  waveguides  and  polarized  along  y  one  on  the  junction 
of  the  virtual  and  second  waveguides  can  be  obtained. 

So  knowing  how  the  longitudinal  modes  constituting  incident 
lateral  mode  with  indexes  q  and  p  were  scattered  and  rep^senti^ 
the  diffract  lon^tudinal  modes  with,  indexes  m  and  n  in  their 
t\im  as  a  linear  oombtoiation  of  lateral  modes  with  the  same 
indexes  the  element  of  the  soattering  matrix  will  be 

found.  !Phe  scattering  matrix  for  the  second  junction  can  be  found 
from  the  decomposition  of  the  lateral  eleotroma^etio  inodes  into 
longitudinal  ones  polarized  along  y-axis  and  vice  versa. 

As  a  result  the  substantially  vector  problem  proved  to  be 
reduced  to  the  determination  of  the  scattering  matrices  of  two 
"quasi  vector"  elements  and  to  the  eystera  of  linear  algebraic 
equations  whose  operator  is  built  of  this  soattering  matrices. 
iBOh  of  those  "quasi  vector"  problems  of  diffraction  on  the 
element  uniform  along  one  of  the  axis  which  are  disting^shed 
only  by  th8  nuinbGr  or  riold  vapiaticn  along  tiiB  Gxis  or 
uniformity  in  its  turn  can  be  broke  into  two  "scalar"  ones  with 
boundary  conditions  of  Neumann  or  Diriohlet  type.  And  any  suitable 
niaaerical-analytical  techniques  can  be  applied  just  to  those 
"scalar"  problems .  ,  .  ^ 

In  this  manner  to  obtain  the  soattering  matrix  of  the 
considered  vector  structure  accounting  TEmn  and  !IMmn-modes  with 
0<m<M  and  0<n<N  it  is  necessary  for  the  first  junction  uniform 
elorg  x-axis  to  solve  the  "soalar"  diffraction  problem  with  ^the 
Diriohlet  boundary,  conditions  N+1  times  to  obtain  irstriz  (MxM) 
and  to  solve  Neumann  problem  N  times  obtaining  matrix  with 
(M+1)x(M+1)  dinierisions .  And  for  the  junction  utnlform  along  y-axis 
It  is  neosBsary  M+1  and  M  times  to  solve  oorrespondirg  piK)blemB 
for  obtaining  "soalar"  matrices  of  the  dimensions  KxN  and 
(N+l)x(K+1)  correspondingly. 

me  Boouraoy  of  the  vector  problem  solution  as  well  as  the 
cpu  time  depend  on  the  accuracy  of  the  "scalar"  problems 
solutions  as  well  as  on  the  number  of  the  modes  accounted  to  the 
virtual  waveguide.  Comparing  the  cpu  time  for  the  soattering 
matrix  of  the  two-step  junction  by  direct  numerical  technique  and 
by  the  virtual  decomposition  one  it  can  be  stated  that  they  are 
close  if  the  “Boalar"  problems  are  as  well  solved  by  the  direct 
moment  technique  as  the  solution  procedure  is  reduced  to  the 
equivalent  matrix  manipulations  and  the  numbers  of  division  and 
multiplication  operations  ere  the  same.  Ehe  essential  difference 
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o  o  oo 


wQ*tk[4] 
this  woik. 


take  place  when  an  effective  technique  of  ’‘Boalar**  prohlen 
solution  requiring  opu  time  a  few  tens  times  lesser  la  used.  The 
total  opu  time  turned  to  be  5-7  times  lesser.  It  Is  necessary  to 
note  that  the  solutions  based  on  the  special  basis  taking  Into 
account  edge  condition  permit  to  separate  a  frequency  independent 
part  and  it  reduce  the  opu  time  of  frequency  ohai^oteristlos  of 
the  component  by  a  factor  of  .  2-3.  It  is  espeolally  important  at 
the  frequenoy-Beleotive  device  synthesis. 

onp  irt  I  The  advantage  of  the  proposed 

en  approach  oonsists  in  the  extending  of 

oU‘ \  _  the  field  of  application  of  the 

\  - -  WQ*tk[^]  numerical-analytical  techniques  on 

‘y'  V  o  o ®®  this  WOllC  class  of  vector  diffraction 

Rn  \  problems.  Its  merits  are  oyolioality, 

\  (L  =  25fnni  possibility  to  work  with  the  low 

»?n-  \  B-irimm  dimensional  matrices.  Thanks  to 

\  ij'fr  '  effective  numerical  teohniques  the 

Afi  .  \  X(j®  ttjpmrn  opu  time  decreases  substantially  as 

\  X^dufniTI  well  as  In  the  oases  when  only  one 

30  X  (FL0  2tt)  dimension  or  only  frequency  is 

'V  \  ^  changed  and.  and  only  oorresponding 

20-  \  part  of  the  algorithm  must  be 

repeated. 

^0"  The  ooraparison  of  the  results  of  the 

work  [4J  and  ones  obtained  by  this 

0  A  !  e  n  TfFinLm  technique  for  the  oaloulations  of  the 
Z  0  o  fU  UyiTim  asyiaiietrical  rectangular  slot  in  the 
Pig.3.  The  S  -  dependence  oonmon  wide  wall  of  two  waveguides  is 
A  presented  on  the  Plg.3.  The  good 

it  oolnoidenoe  of  the  results  proves  the 


0  2  4 

Pig.3.  The 


a=25rnm 
6  =  W  mm 
Xo^UMmm 
X  ^5u  mm 
(Fig  2a) 


6  8  10  d,mm 


guides. 


accuracy  of  the  proposed  technique, 
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INTERACTION  OF  THE  MODES  IN  QUASI-OPTICAL  RESONATORS 

A.  L  Kleev  and  A.  B.  Manenkov 
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Ahstract  —  The  inodes  coupling  in  the  quasi-optical  resonators  is  studied.  The  analysis  is  made 
numerically  by  the  Galerkm  technique.  The  effects  of  different  factors  (for  example,  the  screens  and  mirror 
aberrations)  on  the  coupling  are  examined. 

introduction 

Using  the  quasi-optical  refionators  (QORs)  one  frequently  is  faced  with  the  instabilities  of 
the  mode  structure  [1-3].  These  effects  result  from  different  reasons,  for  example,  because 
of  the  resonator  surface  deformations,  which  destroy  the  caustics  or  couple  the  modes.  In 
many  papers  unstable  geometries  of  the  QORs  (for  example,  the  resonators  with  different 
curvature  radii  of  the  mirrors)  have  been  examined  by  the  theory  of  the  geometrical  optics. 
In  practice,  the  instabilities,  which  destroy  the  caustics,  are  dominant,  but  in  some  cases 
they  can  be  excluded.  There  are  only  partial  studies  of  the  problem  of  the  modes  coupling 
in  the  QORs.  For  example,  the  effects  of  the  mirrors  aberrations  (or  other  deformations  of 
the  cavity)  on  the  coupling  are  practically  not  examined  for  the  QORs. 

In  the  present  paper  the  numerical  analysis  of  the  modes  coupling  in  two  dimensional 
QORs  near  degeneration  points  is  made.  The  waveguide  and  open  QORs  are  investigated 
(Fig.  1).  We  treat  the  systems,  which  are  stable  from  the  viewpoint  of  the  geometrical 
optics. 

1.  The  modes  coupling  in  the  waveguide  QOR 

Consider  the  modes  of  the  closed  (screen)  QOR,  shown  schematically  in  Fig.  1, a.  Assume, 
that  the  left  and  right  mirrors  are  identical,  and  both  perturbed  and  unperturbed  resonators 
are  symmetrical  about  the  plane  Later  on  we  shall  examine  the  even  modes  wdth  the 

single  magnetic  field  component  if,  (By»if^*0).  We  shall  denote  these  modes  as  Ej^.  All 
dimensions  of  the  QOR  are  assumed  to  be  greater  than  the  light  wavelcnght  A.  Below  we 
omit  the  time  factor  exp(-iW),  where  w  ^kve  is  the  frequency,  ife  **  27r/A  is  the  wavenumber, 
Vt  is  the  light  velocity.  In  this  section  we  suppose,  that  the  mirrors  are  parabolic  and  their 
curvature  radius  for  y  « 0  is  equal  to  iZ. 


(a)  (b) 

Fig.  1  The  geometries  of  the  QORs 


All  the  fields  components  of  the  mode  are  expressed  in  terms  of  the  transverse  electric 
field  component 

Ey~i{y,z)-i-ly^y,-2).  (1) 
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The  impedance  boundary  conditions  on  the  walls  of  the  waveguide  (z  “  ±o)  and  on  the 
mirrors  are  satisfied.  The  function  $  is  expanded  in  the  series  of  the  waveguide  modes  [4] 

*)  “  »  H  Anhn  cos(v„y)  cxp(ih  „  z),  -  v^.  (2) 

n 

All  the  terms  of  the  above  series  obey  the  wave  equation.  The  transverse  wavenumbers 
are  defined  by  the  boundary  conditions  on  the  plates  z  -  ±a.  Assuming  aJL—^<.  1  and 
using  the  standard  quasi-optics  approximations,  we  can  derive  the  integral  equation 

r/(t)  -  J  =  +  ,  (3) 

-  expHc(¥>(t)  +  ¥»(ti))]G(’"^(t,ti,l,-l),  (4) 

^  —  exp  cos(;3nfi)  cos(/3nt),  Pn=  f  cos\^ J)dt,  (5) 

n-I  \  4c  /  y, 

c  =  AraV2L,  /?„  =  Una,  t  =  y/o,  5=  1 -2i/i2,  r  =  (-!)« exp(-2rfti^).  (6) 

Here  is  the  Green  function  of  the  waveguide,  obtained  by  the  approximation  of  parabolic 
equation  [3,  4],  ip{i)  is  the  function,  defining  the  mirrors  surfaces.  Deriving  this  equation 
we  omit  all  the  terms  of  the  order  7^.  Using  the  Galerkin  technique  transforms  the  above 
equation  to  the  eigenvalue  one 

sc  =  rc,  (7) 

where  S  is  a  matrix,  C  is  the  column  matrix.  The  elements  of  the  C  are  proportional  to 
the  expansion  coefficients  of  the  function 

The  guide  Green  function  may  be  divided  into  two  terms: 

=  +  \ti  ie,|<  I,  (8) 

where 

G<*^(f,fi,S,ei)  =  i^{exp[ic(f-ti)*]  +  exp[tc(f  +  fi)^]}, 

is  the  Green  function  of  the  free  space,  is  an  additional  term,  which  describes  the 

influence  of  the  guide  walls  on  the  mode  fields.  Under  condition  c  ^  1  the  last  term  is 
small,  i.e.  the  walls  slightly  perturb  the  fields  and  in  the  QOR  the  waves  transmit  from  one 
mirror  to  other  practically  as  in  the  free  space.  Using  the  above  separation  of  the  function 
G^'")  leads  to  the  following  division  of  the  kernel  of  the  integral  equation: 
where  therefore  we  can  consider  the  plates  as  the  small  perturbation  factor. 

The  perturbations  may  appreciably  change  the  features  of  the  modes  in  the  degeneration 
points  of  the  frequencies.  Later  on  we  shall  treat  the  case,  when  the  modes  Eoq  and  £7^ 
have  close  frequencies.  Applying  the  perturbation  technique  we  derive  the  approximation 
equation  for  the  eigenvalues  T  of  two  coupling  modes 

02_n2  =  T',  0  =  [inr-^(0o  +  02)],  n  =  ^(eo-02),  (lo) 

where  f ,  =  exp(i0j)  is  the  perturbed  eigenvalues  (;==0,2),  calculated  without  the  coupling, 
and  T  is  the  coupling  coefficient: 
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(n) 


II 

It  describes  the  effects  of  the  guide  Tvalls  oa  the  modes. 

The  features  of.  the  solutions  of  the  coupling  mode  equation  are  defined  by  the  relation 
between  the  parameters  tl  and  T.  The  estimations  demonstrate,  that  in  practice  the 
decrements  of  the  coupling  modes  are  far  from  each  other,  i.e.  iIm(ibo  -  Jk2)lX  >  1T|.  In 
this  case  the  modes  coupling  is  small  and  near  degeneration  points  (Reibo,  « Re  Jb(y)  the  field 
distribution  of  the  interaction  modes  is  changed  slightly.  But  in  such  points  the  decrement 
of  the  dominant  mode  can  be  appreciably  decreased. 

Considering  the  mode  losses,  we 
shall  use  the  auxiliary  parameter  A  *■ 

— 201gir|.  Figv  2  presents  the  parameter 
A  of  the  mode  Ec^  versus  the  g  for 
different  values  of  the  paranrieter  c.  The 
impedance  parameter  ka('  is  assumed 
to  be  equal  to  2  ((*  *=  (1  is 

the  wall  impedance).  For  simplicity  we 
suppose,  that  the  mirrors  are  ideally 
conductive.  It  is  known  [3],  that  for 
the  QOR,  in  v;hich  we  can  neglect  the 
intermodal  coupling,  the  losses  parameter 
A  is  minimal  near  the  point  ^*=  0.  The 
calculation  shows,  that  nccir  this  point  ~1*0  0.0  1.0  g 

the  losses  can  considerably  increase.  This 

effect  is  explained  by  the  coupling  of  the  Fig.  2  The  losses  parameter  A  versus  the  g 

modes,  which  have  close  frequencies.  In  turn  the  coupling  is  the  result  of  the  influence  of 
the  waveguide  on  the  modes.  For  the  values  c --  10-^  20  only  the  two  lower  order  modes 
are  coupled:  the  losses  of  higher  order  modes  are  large  (i.e.  their  complex  frequencies  are 
very  different)  and  these  modes  practically  do  not  influence  the  mode  Eog, 

In  the  QOR  under  study  the  losses  of  the  dominant  mode  Eq^  are  the  smallest  since 
the  mode  has  the  caustic  and  its  fields  on  the  walls  are  small.  The  coupling  between  the 
modes  and  E^^  results  in  the  increase  of  the  dominant  mode  losses  (see  Fig.  2).  When 
the  parameter  c  decreases,  the  intermodal  coupling  increases  (see  eqn.  11).  In  this  case  the 
interval  of  the  parameter  g,  in  which  the  losses  are  abruptly  changed,  becomes  smaller. 

2.  Intermodal  coupling  in  the  open  QOR 

The  modes  of  the  open  QOR  (Fig.  l,b)  are  defined  by  the  integral  equation  of  the  same 
type  as  eqn.  3  ^ith  the  kernel  The  kernel  is  expressed  through  the 

Green  function  (f,ij)  and  the  function,  which  defines  the  mirrors  form.  The  expression 
for  the  be  derived,  if  we  expand  the  in  terms  of  the  Fourier  scries: 


GW(f,  ii)  -  Otl  cos(PJ)  cos0„i,),  -  gW„,  m  fn,  =  —  exp  f-i^)  -  G^ .  (12) 
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In  the  expansion  (12)  the  values  of  fin 
should  be  chosen  so  that  the  functions 
8>'stem  {co8(/?nt)}  become  complete  and 
orthogonal  on  the  interval  (—1,1).  Using 
the  Galerkin  technique  (^vith  the  same 
basis  and  test  functions)  results  in  the 
algebraic  eigenvalue  problem  (cf.  eqn,  7), 
which  can  be  numerically  solved. 

To  illustrate  the  effects  of  the 
intermodal  coupling  in  the  open  QOR, 
we  consider  the  influence  of  mirrors 
deformations  on  the  mode  losses.  We 
suppose,  that  the  mirrors  surface  is 
determined  by  the  function  V'(y)  * 
y^jlR  IA<P‘L.  Assuming  |^|  <  1 
we  can  approximately  solve  the  integral 

equation  by  the  perturbation  method,  separating  the  small  term  from  the  kernel 

It  is  associated  with  the  second  term  of  the  function  ^(y)  and  is  proptwrtional  to 
the  small  parameter  i.  The  equation  derived  is  similar  to  eqns.  10~11,  where  T  oc 

Fig.  3  shows  the  dominant  mode  losses  versus  the  parameter  g.  The  curves  are  constructed 
for  different  values  of  the  c.  Note,  that  ne2Lr  the  point  y  “  0  the  tv/o  effects  denne  the 
losses  of  the  mode  First,  the  losses  dccrccise,  since  the  size  of  the  caustic  increases 

[3].  Second,  the  losses  increase  because  of  the  coupling  of  the  mode  JSq,  with  the  mode 
(and  t>thers).  The  calculations  show,  that  the  coupling  is  generally  small,  therefore  the  field 
structure  of  the  mode  Eoq  is  practically  not  changed,  but  the  losses  of  the  dominant  mode 
can  be  considerably  increased  due  to  this  effect. 

Conclusion 

The  results  presented  above  demonstrate  that  the  losses  in  the  QGRs  play  an  important 
role  for  the  intermodal  coupling  analysis.  The  losses  can  significantly  separate  the  complex 
frequencies  of  the  modes  interacting.  For  the  typical  parameters  of  the  QORs  the  coupling 
is  usually  small,  since  the  difference  between  the  decrements  of  the  modes  interacting  is 
considerably  larger,  than  the  coupling  coefficient.  The  calculations  have  shown,  that  in  this 
case  the  coupling  can  appreciably  change  only  the  losses  of  the  dominant  mode.  The  fields 
structure  of  the  mode  is  practically  not  changed. 
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Abstr&ct 

AnaJyfids  of  dectromi^^tkr  w&vt  seat  taxing  by  polygas  fil  cylindrical  scraeas  vitl^ 
dosed  usd  opes  czp^»*^ctioa  costoux  and  vave  fcsttezisg  by  axially  symmsirical  ocmii 
cossisiiBg  of)ob6d  cylindera  and  dk]ks  k  curried  ost  os  tbe  hsse  cri  the  spectral  metbod 
witb  the  parriaJ  operator  inverrios.  Tbare  are  is&lbomatkal  gronsd  of  the  spectral  motliod 
using  and  ibe  samerical  lesnlts  of  isTc^iigatioi  of  eleciromagsetic  wave  radiatios  and 
•cattoiiBg- 

IrfTRODUCTIOK 

Tbc  piuposs  erf  ibis  work  conskt  in  a  rigoroiss  theoreiikEl  inveaiiga^  of  importBaat  pioblezos 
of  clectronmgisetic  wave  acattering  by  composite  closed  or  open  perfectly  coadneiing  screens 
with  edg^  in  tbe  of  plane  and  azisJ  synuceiry  carried  out  on  the  base  of  the  analytical- 
nniaeiksl  method.  *Ilie  problems  axe  wave  scattering  by  polygonal  cylindrical  screens 
with  ck^cd  and  open  cice^-eection  contour  and  wave  scattering  by  aoriaDy  symmetriciJ  screen 
conrisiing  of  joined  cylinders  end  dkks.  A  pecuEsrity  of  thk  probfemB  of  wave  di&action  is  in 
different  degree  of  transverse  field  components  increasing  near  the  different  edges  of  the  screen 
and  a  strong  interaction  of  a  adjacent  elements  of  a  screen. 

Spectral  Method  por  tee  Solhtion  op  the  Boundary  Value  Problem 

Let  ns  condder  the  2-D  pioKtem  of  a  TM  wave  IP  difiaction  by  a  metal  screen  with  a 
smooth  piecewise  crosa-scction  counter  L  =  N  is  tbe  number  of  its  feces.  The  total 

field  may  be  xepreeested  to  the  form 

tr^p  +  fT-. 

The  scattered  field  m^y  be  expre^ed  to  terms  of  potentisls  of  the  doable  layer 
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G  M  the  Greaa  funclaon,  $j  »  coordinate  aJong  Xy  in  the  loc^  system  of  coordinate  wkii 
connected  with  the  face  number  j.  The  transformation  u  =  /y(sy)  is  used  on  an  every  izct  m 
such  way  that  »y  €  Xy  cosTenponda  to  u  €  [-1,  !]•  As  a  complete  syatem  of  eacpannion  funrtioiiB 
in  the  space  C7[— 1,  l]  one  may  tslce  the  funclious  1,  o,  Vl  —  »  »=  0, where  I/»(o) 

axe  the  Chebysbev  polynomirla  of  the  second  Mnd.  We  represent  the  potential  dcnmly  in  the 

form 

py(ti)  =  -  u)  +  l/y(l  +  u)  +  V\  —  ^0  =  i  =  1»  2,—* 

If  Any  faces  ;  and  j  +  1  are  unconnected,  it  kads  io  Vj  =  0.  It  k  i/o  —  VH  =  0  if  the  faces  1  and  JtT 
are  nnconnected.  It  foEowsirom  the  condition  which  ensnresj  the  field  cneigy  to  be  finite  m  any  . 
bounded  region  including  the  vicinities  of  the  edges  that  6  ^ 

co}. 

As  the  normal  derivative  has  no  sense  on  a  screen  edges,  one  shonld  require  a  boundary 
condition  as  foDowinj.  Let  g  be  an  arbiirory  function  which  is  continuous  in  all  apace  and  on 
h.  We  take  a  curve  L  with  coniinuoua  curvature  near  a  corner  points  of  I  and  formulate  the 
probleni  to  find  If*  for  which 

B  satisfied  for  any  of  functions  q  when  X  lends  to  L.  The  reqmrement  of  the  boundary  condition 
to  be  satisfied  (when  functions  q  on  L  are  chceen  as  the  basis  elements  m  the  space  of  continuous 
functions)  reduce  the  procedure  to  using  of  the  projection  method.  Let  us  lake  the  system 
described  above  aa  the  system  of  testing  functions  in  (7[-l,  1].  As  a  result  we  obtain  N  infinite 
connected  systems  of  Eneax  algebraic  equations  in  i/j  and 

The  operator  of  the  each  infinite  system  of  cquaiiona  consists  of  two  parts  [l],  [2].  The 
first  describes  the  difEraction  by  oae  of  the  faces  of  the  screen  and  the  other  parts  describe  the 
interaction  with  aD  reel  faces.  Dynamic  parts  of  operatora  (being  equal  io  sero  when  w  0) 
and  static  parts  (bring  non- equal  io  sero  when  =  O)  ofinteracticwa  operators  of  non-connectad 
faces  is  entirely  continuous  in  4-  A  static  part  of  the  operator  bring  relevant  to  the  one  face  of 
the  screen  can  be  inverted  easily.  The  analytical  inversion  of  thk  part  of  ibe  opeiakn-  becomes 
possible  by  choosing  Chebyshev  polynomiab  as  the  elements  of  the  basis.  Rest  static  parts  of 
operators  are  dossed  operatora  [l].  Therefore  as  it  can  be  show  the  infinite  syatem  of  hncar 
equations  is  correctly  solvable  thus  a  numerical  solution  of  it  is  stal^  for  any  real  values  of 
frequency  if  the  screen  is  open.  If  the  screen  is  clocijcd  the  system  of  equations  has  a  siaUe 
solution  for  any  real  frequency  with  the  esepilon  of  own  frequenciea  of  the  Internal  region  of 
the  screen. 

The  problems  of  radiation  and  scattering  of  clectroms^etic  wav^  by  structures  with  axial 
symmetry  conxjktlng  of  jointed  metal  circle  cylinders  segments  with  one  or  two  dosed  bult- 
ends,  circle  cylinders  segments  with  co-axial  disk  of  equal  or  greater  diameter  are  reduced  to 
the  integral  equation  for  a  surface  current  density  and  analyEed  by  the  same  method. 

As  an  expansion  functions  for  a  surface  current  density  on  the  cylinder  segment  the  Cheby- 
ihev  polynomials  of  the  second  kind  and  for  a  current  density  on  the  disk  the  Legendre  associ¬ 
ated  functions  —  p^))  arc  used. 
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Figxsse  It  s)  Come*  soeea  geometey;  b)  Suzfsce  current  density  distribation:  2d/A  ss  0.5;  1- 
^  =  S0"/2- ^  =  90*, 

HmfBBXCAL  Rbsults 

Tke  method  was  &pidyed  for  2-D  proUeniB  analy^  of  the  fd&se  wave  dH&aciion  and  the 
model  of  dipcd  rediaAion  tcatlering  by  comer  Bcreen  [2],  rectangular  and  IVtype  projection  on  a 
ipT»«iaJ  plane.  AIgpriihnu  ace  OMsd  fat  the  investigation  of  the  inilueace  of  metal  acieena  of  tins 
type  os  the  radiation  of  short  dipol  antennas.  The  roatbematkal  modd  of  a  mooopol  with  a 
dkk  on  its  top  was  investigated  [3]. 

Fig.  1  shows  the  distiibntion  of  surface  current  denmty  on  the  corner  screen.  The  method 
aBows  one  to  find  the  scdotion  of  the  pioblsia  at  an  arlntraj^  velne  of  angle  in  particular, 
for  ^  s  «■,  wh^  the  comer  screen  transfonns  into  a  strip  with  a  width  of  4ct  The  results  of 
the  compuiatioa  of  the  surface  current  density  for  the  strip  obtained  by  the  present  method 
eciocide  with  earlier  results  in  |4]  obtained  indep^denUy  and  with  an  exact  solution. 

Fig<  2  presents  the  frequency  dependoice  of  the  efreetive  scattering  cross-section  of  the  comer 
scr^n  which  hm  a  resonance  behavior.  Resonances  occurs  when  odd  nuzober  of  half- waves  are 
present  along  the  screen  at^secticm.  The  dotted  straight  lines  indicate  the  values  of  the 
scattering  cross-seciion  at  A  —»  0.  From  geometrical  optics,  H  fdiows  thai  =  8c^  dn{^/2). 
The  computation  results  show  that  to  get  a  value  of  o'/2d  to  an  accuracy  of  two  true  decimal 
phfCB,  it  k  neceaeaiy  to  take  the  number  cd  equations  in  the  reduced  system  equal  to  integer 
part  of  kd  pliffl  three. 

Frequency  dependence  of  the  scattering  coefBcient  of  the  2-D  dipol  radiation  by  P-type 
projection  on  a  metal  plane  is  shown  in  Fig.  3. 

The  mathematical  model  of  a  short  moaopol  with  a  disk  on  its  lop  was  in  vestigated.  Fig. 
4  shows  the  frequency  dependence  of  the  input  impedance  imegiaaiy  part  of  a  short  monc^xd 
with  the  load. 
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A  scalar  shift -formula  method  is  developed  for  optical 
fibres  with  several  nonidenticai  circle  homogeneous  cores. 
Nuraeri cal  calculations  of  dispersion  curves  were  made  for 
different  cases.  The  our  numerical  results  are  obtained  to  be 
Close  to  these  of  approximate  method  for  identical  core  case. 
For  a  nonidentical  core  case  at  first  ^nchronlsra  conditions 
of  noncoupled  cores  are  found  and  after  that  dispersion 
dependenci es  are  ca 1 cul ated  for  dl f f erent  di stances  between 
the  cores. 

MRODUCTION  . 


Ve  studied  structural  and  dispersion  properties  of 
guided  waves  Cmodes)  in  optical  fibre  with  several  identical 
Cfirst  case  0  and  nonidenticai  Csecond  caseD  circle 
homogeneous  cores.  For  the  above  structures  we  develop  the 
shift-formula  method  II]  which  was  applied  earlier  in  our 
works  to  noncircular  Optical  waveguides  12.3]  and  in  the 
beginning  of  the  study  to  coupled  optical  fibres  14].  By  using 
this  metnod  we  obtained  exact  numerical  solutions  for  the 
modal  parameters  and  their  dependencies  on  the  frequency  and 
waveguide  parameters.  For  the  first  case  our  results  compare 
with  results  of  other  works.  For  the  second  case  we  look  for 
condition  of  synchronism,  i.e.  equality  of  separated  core 
propagation  constants.  After  that  we  calculate  dispersion 
dependencies  for  different  distances  between  the  cores. 


1. SYNCHRONISM 


Multicore  optical  fibres  are  of  interest  now  because  of 
these  new  application  pxjssibi  1  itles  in  switchers  and 
multichannel  lines.  Special  interest  is  present  region  of 
synchronism,  i.e.  parameters  region  with  equal  propagation 
constants  h  of  fundamental  modes  in  separated  cores.  In  this 
region  it  is  able  maximum  power  transfer  between  cores.  This 
region  occupy  all  frequency  axis  for  most  investigated 
identical  core  case.  Synchronism  for  case  of  nonidenticai 
cores  takes  place  only  on  some  fixed  frequency  points  and  if 
some  proportions  exist  between  dielectric  permittivities  and 
sizes  of  core.  Fiq.1  show  ones  for  two  circle  homogeneous 
cores  with  R  and  R  radii  and  dielectric  permittivities  c.( 
and  €3. Cores  have  common  cladding  with  dielectric  permittivity 
Co  .  Here  and  below  we  use  next  values;  ti  =Cci  , 

1=1.2...  ,  V=RjCCi  .where  o  -angular  frequency.  c  - 

iight  velocity. 
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Fiq.3  demonstrate  possibility  of  three  frequency  point 
synchronism  in  three  non i dent i ca i  ^ core  waveguide,  ‘here^are 
phase  parameter  CB=a*  R<  /V  )  dependencies 
frequency  V.  where  a-  transverse  wave  number  .  In , 
here  it  is  possible  channel  transfer  between  three  channels  on 
three  different  frequencies. 

2. CALCULATION  BY  SHIFT -FORMULA  METHOD 


For  above  structure  analysis  it  is  convenient  the. shift- 
formula  method  [1-41.  Here  one  used 

calculations  of  dispersion  curves  in  case  of  .^jL^ance 

between  cores.  Identical  core  case  results  ^ 

comparison  with  results  obtained  by  approximate  meth^_Csee 
1 5] 5.  Dispersion  curves  for  case  of  finite  distance  between 
nonidenti(^l  cores  is  shown  on  Fig. 3.  Here  we  used  value  p=CR< 
+R»)/d,  where  d  is  distance  between  core  centers,  p-1  means 
that  the  cores  are  touching.  We  mark  that  curves  for  P^O.5 
practically  merge  with  ones  for  p=0  Cp=0  pase  por respond  to 
dashed  curves  in  Fig. 3D.  The  shift-formula  pthod  allowed  to 
observe  degeneration  taking  off  as  distance  decreased. 

The  research  descr i bed  in  thi s  publ icat i on  was  made 

gossible  in  part  by  Grant  N  MMBOOO  from  the  International 
cience  Foundation. 
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ABSTRACT 

The  calculation  technicue  of  3-D  EP  intensity  dLstrihution  in 

the  inhomogeneo^  th?mP-hnl^o^fSite^dl/feren^^ 

solution  was  ohtalned  using 

nro^cram  for  IBM  PC  has  been  deYeloped  and  tested.  The  eiecrric 
flefd^ntenslty  distribution  near  the  broken-down  dielectric 
of  different  configurations  has  been  determined.  These  areas  have 
fractal  structure. 

INTRODUCTION 

The  simulations  of  the  processes ’of  ^the  insulation  breakdoTO 
under  action  of  electric  field  requires  the  analpes  of  electrical 
field  distribution  around  the  conducti^ 

structure.  This  requires  Inf oiwiatlon  on  the  levels  of  EF  intensity 
in  the  whole  dlAectrlc  area  being  investl^ted  taking  into 
account  the  changes  of  the  volume  trie  configuration  of  the 
distracted  areas.  The  analytic  solution  of  such  problem  is 
SSSlble.  This  stl^^  the  choice  of  the  finite  differences 
method  for  the  estimation  of  the  potentials 
dielectric  containing  the  conducting  clusters. 

Laplace  equation  was  solved  using  the  iteration  method  of  arable 
trends  ar  each  time  step.  The  IBM  PC^  progrp /developed  on  the 
basis  of  this  technique  allowed  for  the  calculation  of  the  EF 
intensity  in  the  dielectric  containing  fractal  a  oructures  of 
different  configuration. 

Let  us  consider  the  system  of  flat  linings.  Between  these 
linings  the  dielectric  with  conducting  zones  has  been  placed.  The 
rectangular  grid  is  applied  on  the  dielectric  in  such  ttet 

its  nodes  are  locatea  at  the  media  boundaries.  Assume  that _  the 
media  properties  within  each  formed  cell  are  "^5® 
write  down  the  first  Maxwell  low  for  each  node  of  calcu—dtion 
grid. ,  define  the  divergence  from  both  sldea  and  Inte^ate  each 
ft-»m  >^^r  c  /TO>iDT»D  in  Rn-pfncp  that  embracing  the  node  divides  the 


term’by  S  (where  S  Is  surface  that  embracing  the  node  divides  the 
distance  betv/een  t¥/o  adjacent  nodes  into  two  equal  ^  parts ). 
Integrating  the  latter  expression  by  time  we  shall  obtain  the 
following: 


J  I  7E^ds  4-  I  =  0 


where  E  Is  an  electric  field  Intensity;  7^  and  e  - 
conductivity  and  permeability  of  the  media  accordingly;  Index  n 
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denotes  the  p3X);Jectlon  of  vector  to  the  normal  of  S  surface. 


If  thV 

hv  ^Sptlon  uslns?  the  trapezoid  forniulae  we^ shall 
the  ten-S  tllS  to  4e  pluvious  tlrne  step  to 

7?i  Jht  toovfn  ones  and  after  insertipn  of 

£-gr^(p  we  shkl  T^lte  the  equation  (1 )  in  a  differential  form. 


A  (p«  . 

*^1!  C 

i,k  “  ® 

(2) 

AX  0  JS  V 

X  ^  J  S 

i  V"  i  k  ^ 

'h..1.lc> 

iX^  ^  V®  1  k®  ®^i,3sh  “  ' 

are  nm  coefficients; '  f  /  -  is  a  differential  analog  of  the 

expression  for  the  charge' atored  at  _  the  media  houndary  without  a 
t,p*nTi  tlis>tj  cojr2?s spends  *to  b  cpppontj  nioniBiiti  Oi,  xliriBo. 

Tor  the  solution  of  this  equation  we  used  the  lxeratiu_ 

nf*  u  vr'pIa'PTp  (11  T^BC OTIS o  It  is  tolOV/H  fPuni  ill  tiirit  XM-S 

method  Is  used  for  the  solution  of  tvio-dlinenslonal  elliptic 
Stop? ems  AccorSng  to  [21  it  works  perfectly  well  in  rnany  cases  In 
suite  of 'the  absence  of  comnlete 

with  the  method  of  locally  one— diiuensloncil  patterns  loJ  xn^ 
transition  from  h-th.  to 

the  sequential  use  of  the  run- method  in  tht,  XjYsZ  dliections 
three-point  equations; 


%-C4:k  - 


si 


=  A  cp^.  •  V 

^z.v  y^isSfk 


z^i„3%k 


^IT‘%,3Mc 


A  ,*5*1  *«“  s.>'’S  .  .  i,  . 


(4) 


Where  7^^  is  Iteration  parameter. 

The  running  over  X  (see  (3)  was  performed  in  the  whole  area 
of  Investl^tlon  at  each  Y  sequentially  at  all  layers  of  Z.  In  the 
same  way  we  running  over  Y  was  performed  (see  equation  (4)  and 
over  Z  (see  equation  (5).  During  the  calculations  the  following 
boundary  conditions  have  been  used:  over  Y  -  the  prescrlbea 
potentials  at  the  electrodes;  over  X  and  Z  -  the  unlfonn  Neuman 
equations  Ill. 

The  described  scheme  for  the  solution  of  3-D  equation  (2)  has 
been  realized  in  the  form  of  program  for  IBM  PC,  PORTRAN-77. 

The  testing  of  this  program  by  the  comparison  with  the 
precise  analytical  solutions  13]  has  shown  that  the  relative 
difference  between  electric  field  Intensity  levels  doesn't  exceed 
5%,  l.e.  It  is  within  the  value  prescribed  for  the  numerical 
calculation  of  relative  error. 

In  the  process  of  electric  aging  of  some  Insulation 
materials,  for  example  polyethylene  the  treeing  of  structure  deep 
Inside  takes  place.  Tiie  so-called  dendrites  are  formed.  The 
experimental  data  obtained  for  the  specific  surface  conductivity 
of  dendrites  channels  show  that  this  channels  can  be  considered  as 
conductive  [4].  The  developed  technique  has  been  used  for  the 
calculation  of  electric  field  distortion  by  dendrites  observed  in 
the  experiments.  The  figure  shows  the  patterns  of  equlpotentlal 
lines  around  the  dendrites  In  the  process  of  electric  aging  of 
polyethylene  Insulation  (see  a),  b),  c).  Equlpotentlal  lines  are 
shown  In  the  section  Z=conBt  that  run  through  the  middle  of 
dendrite.  The  figure  shows  also  the  dendrites  projection  to  the 
plane  Z-const. 

Goncluslons. 

1. The  volume  distribution  of  electric  field  Intensity  in  the 
dielectric  that  contains  the  conductive  inclusions  of  arbitrary 
shape  has  been  calculated  using  PC  pipgram,  which  lias  developed 
and  realized  for  this  purpose.  The  program  allows  for  the  analysis 
of  the  effect  produced  by  the  fomi  of  conductive  Inclusions  on 
distortion  of  electric  field  In  the  dielectric. 

2.  The  method  of  variable  directions  that  was  developed  for 
the  solution  of  two-dimensional  elliptic  equations  and  was  applied 
to  the  solution  of  3-D. uroblems  allowed  for  the  calculation  of 
volumetric  electric  flela  distribution. 

3.  The  developed  IBM  PC  program  allowed  for  the  calculation 
of  EP  Intensity  distribution  around  the  broken-down  ares  with 
fractal  structure.  These  areas  are  formed  In  the  process  of 
electric  aging  of  dielectric. 
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The  patteruB  of  equipotentlal  lines  distributloB.  -aroiMd  tte 
dendrites  that  arc  lofmed  In  the  process  of  electric  .  aging  of 
polyethylene  insulation  (a),  b)r  c)  -  phases  of  dendrites 

derelopmeiit )  o 
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ABSTRACT 

We  consider  a  new  effect  of  diffraction  of  electromagnetic  waves  at  the 
gratings,such  as  the  full  anti-mirror  reflection  from  the  corrugated  boundary  of 

dielectrics,  Quasioptical  dielectrical  echelette  resonator  with  high  selective  properties 

is  designed. 

The  results  obtained  are  applied  for  design  of  the  resonators  for  high  frequency 
electron  devices. 

HISTORY 

Diffraction  gratings  with  different  profiles  are  used  in  many  fields  of  physics  and 
technology,  such  as  optics,  acoustics,  antennas  and  measurements,  for  a  long  time.  The 
analysis  of  properties  of  electromagnetic  fields,  scattered  by  periodical  structures,  was 
restricted  by  approximation  methods,  such  as  long-wave  quasi-static  approximation  or 
geometric  optics.  Recently  there  are  the  number  of  papers  devoted  to  the  rigorous 

analysis  of  gratings  with  elements  of  different  profile  scales,  compared  to  wavelength. 
More  accurate  definition  of  the  theory  made  it  possible  to  observe  the  new  interesting 

effects  in  the  wave  scattering  by  gratings. 

As  is  well  known,  for  wave  diffraction  at  gratings  there  arise  space  harmonics, 

propagated  in  the  directions  determined  by  the  main  diffraction  parameter  #c=d/X  and  the 
angle  of  incidence  of  the  wave  ei  (figl).  The’  interested  cases  are  of  the  given  energy 
distribution  on  directions  of  scattering,  for  instance  maximal  selective,  that  is,  the 
existence  of  the  one  beam  only  in  the  scattered  field,  usually  anti-mirTor  reflected 

beam.  j 

The  simplest  example  of  the  grating  with  such  properties  is  a  step-wise  echelette 
(fig.2),  one  step  side  of  whose  is  normal  to  the  direction  of  incidence,  the  other  step 

side  contains  an  integer  number  of  semi-wavelengths.  For  the  incidence  at  such  a 
structure  of  wave  with  E-vector,  perpendicular  to  the  touches  of  grating,  the  energy 

reflects  fully  in  the  anti-mirror  directions.  The  nature  of  the  effect  of  fully 
anti-mirror  reflection  is  obvious  in  this  case  because  a  standing  wave  satisfies  to  the 
boundary  condition  at  the  echelette  surface. 


For  a  surface  of  more  complicated  shape  and  for  the  other  field  polarization  the 
existence  of  such  effects  still  not  so  obvious.  To  ^tudy  a  possibility  of  these  effects 
it  is  necessary  to  solve  exactly  the  diffraction  problem  . 

The  calculations  show  the  regime  of  fully  nntl-mlrror  reflection  of  -1  space 
harmonics  becomes  possible^,  i.e  reflective  coefficient  and  energy  in  anti-mirror 
direction  can  equal  unity  W-i^l,  if  the  sufficient  depth  of  an  arbitrary  profile  of  the 
infinltively  conducting  grating. 

The  fully  anti-mirror  reflection  can  be  provided  not  only  for  reflection  at  metallic 
grating,  but  at  the  corrugated  boundary  of  ^electrics,  when  ei>c2  Cfig.l)  and  the  fully 
inner  reflection  condition  Is  fulfilled  at  the  smooth  boundary.  Under  the  needed 
conditions  there  are  only  two  propagating  waves:  0  and  (-1)  harmonics.  Under  the 
autocoilimation  condition  2icsmB=l,  where  ics=dy'c/X,  c=€i/c2,  the  (-1)  harmonics  propagates 
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to  the  direction  opposite  to  the  Incidence  one  and  It's  energy  can  arrive  unity  for  the 
sufficient  depth  of  groove. 

METHOD 

The  problem  may  be  solved  by  method  of  integral  equation®.  Fig.  I  shows  the 
periodic  structure  with  eirbitrary  profile  y=A(x).  For  example  we  consider  one  which  s 

given  by  function 

y=A(s)=A^sinr-g3£ 

with  period  d=2ir,  which  is  a  dielectric  boundary,  separating  two  media  having  diel^lc 
permittivities  of  ci  and  cz,  uniform  in  one  direction  z  In  a  rectangular  coordinate 

system  Oxyz.  Let  consider  ci=c>c2=L  .  ^  i*t. 

An  electromagnetic  monochromatic  plane  wave  whose  amplitude  is  unity  with  elKrtric 
or  magnetic  field  being  parallel  to  grooves  strikes  the  grating  at  the  angle  01  In  a 

plane  normal  to  uniform  direction  s 

E“’=e®expClkv^  sinO  x-ik»^  COS0  y)=exp(ik|^x-ikjj^). 

We  consider  an  electric  neld  of  the  wave  is  polarized  along  the  grating  edges.  _ 

At  scattering  of  the  plane  wave  on  the  grating,  there  arise  space  harmonics  with 

amplitudes  Rn  and  Tn» 

e‘^=R  expClk  x+Ik“V).  E‘^=T^exp(lk_x-Ik‘®V)- 

B  n  ^  jix  ny  a  a  nx  ay 

Their  projection  of  wave  vector  in  the  first  and  second  media  to  x-direction  foUow  from 

known  grating  formula,  so  ,  ^ . .  ■■■  _ _  ■■  - _ — 

exp(l(kVesin^n^)K+ivk^-“(k/c  sln^  +n  ^)*y) 

E*®’=T  exp(I(kV^siniHn?5)x-l/  k®  -(kV^  sinfl  +n  ^)*y) 

The  integTcd  equation,  which  described  the  field,  scattered  at  the  grating,  can  be 
obtained  by  the  following  manner.  In  accordance  to  Huigens  principle,  the  field  to  to  up 
and  down  medium  can  be  expressed,  using  the  field  value  and  to  derivative  of  field  on 
the  both  sides  of  the  boundary:  » 

E‘“(x.y)=E“^x.y)+Jds'|G”  *  (x-x'  .y-y'  ’  (x'  .y'  )-e‘«(x'  .y'  )^‘  “(x-x'  .y-y'  )|, 

E‘"(x.y)=-Jds'|c‘®’(x-x^y-y^)^'^^x^y')-E^^ 


where  y '  -Aix' ),  ds'  =dx'  4 1+ 


Here  the  integral  Is  taken  over  to  period. 


V  .  / 

The  two-dimensional  Green  functions 

for  the  first  and  to  second  medium  correspond  to  the  field,  which  is  radiato  by  the 
array  of  col  linear  in  z-directlon  sources.  These  sources  are  ^placed  p^iodirally  in 
x-directlon  and  the  phase  shift  between  nabour  elements  equals  k  d  sln9.  The  field  ana 
its  derivative  on  the  both  sides  of  the  boundm-y  are  coupled  by  the  boundary  conditions: 


Let  us  introduce  an  unknown  function  In  accordance  to  the  combination; 

Jds'  |g“  ‘  (x-x'  .y-y'  ‘  ’  (x'  .y'  )-e'”(x'  .y'  )^‘  ^  ’  (x-x'  .y-y*  )|= 

=Jds'G*^*(x-x',y-y' )9(x',y'}  . 

Using  this  function,  we  express  to  field  in  the  up  and  down  medium  ^d  put  a  point  of 
view  to  the  surface.  We  get  the  integral  equation  under  the  boundary,  conditions: 


199 


*Cx-x' )+C**  ’  (x-x' ,y-y' ))  tjds*  (x-x'',y-y“)j^yC*  *  *(x*-x' )- 

•-^;^‘*’u^x^y-y')G*  *  ^x'-x^y'-y* 

♦Jds'|G**‘(x-x^y-y')g5E‘‘^x'.y')-^‘**(x-x^y-^^^^  | 

The  amplitudes  of  the  space  harmonics  of  diffraction  field  in  the  both  media  that 
arc  the  reflection  and  transmission  coefficients  can  be  expressed  by  solution  of  the 
equation: 

R  » fds' -J— 77;exp(^ik^ *  ^y' -in^x' Wfx' ,y^ }; 

‘  J  2idk“  ’  ^ 

ny 

♦Jds'gJ,  g‘ VV -x-.y" -y^ 

♦Jds^G*  * ’(x' -x^y' 

The  Integral  equation  have  the  general  symbolic  representation*: 

J^(x,x'Wx^W^ 

where  V^U  are  periodic  fimctipns.  W  is  a  kernel,  that  n»y  be  singula^^^  integrable. 

The  simplest  method  to  solve  the  equations  is  to  represent  an  tiriknown  function  by  N 
values  at  the  period  ^=^(xm).  Then  the  integral  equation  can  be  expressed  by  the  sj^em 
of  linear  algebraic  equations:  n 

y  w  +  V  «  0  , 

■  L.  ml  J  m 
•  ,  1«1 

where  Vm^Vlxm),  Wm=»W(xm,Xn' ).  which  is  solved  numerically. 

The  other  method;  which  we  used  for  solving  equation  is  to  use  the  Fourier  series 
for  an  unknown  function 


?(x)gy  Vexp  (ih^x) 


In  this  case  the  integral  equation  can  be  expressed  by  the  analogical  system  of  linear 
algebraic  equations.  Now  this  system  is  for  the  Fourier  coefficients  of  an  unknown 
function  where  right-hand,  member  and  kernel  are 


* 

V^=^V(x)exp  (-ii^x)  dx, 

4d  ;  ®  - 

W^ssl-JJw{x,x'  )exp[-in^x+im^x')  dxdx* ,  - 


the  coefficient  of  the  Fourier  transform  which  can  be  easily  calculated  using  the  FFT  . 

As  the  result,  the  coefficients  of  reflection  in  all  diffrai  on  mounts  can  be 
determined. 

FULXY  ANTI-MIRROR  REFLECTIOM  REGIME 

Figs.Dab  show  the  efficiency  curves  of  (-l}-order  Llttrow  mount,  in  dependence  on 
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the  groove  sinpHtude  and  the  wave  number  for  the  field  with  E  parallel  to  ^  pwve*.  * 
sinusoidal  profile  with  amplitude  Ao  And  the  absence  of  wave  transmission.  Fig.4  shows 
curves  at  the  plane  of  parameters  (Ao.k).  which  correspond  to  the  fully  anti-mirror 
reflection  W-i=l  and  the  fully  mirror  reflection  W-1=0.  Dashed  curves  correspond  to  the 
case  of  wave  incident  to  the  perfectly  conductive  surface  whose  corrugation  Is  the  same. 
Only  for  the  quite  large  value  of  the  ratio  ei/cz  the  curves  for  dielectrics  are  elos^to 
the  curves  for  tr'etnl.  The  dependence  of  curve  on  the  ratio  ci/c2  is  very  weak.  Witt 
changing  of  this  ratio  from  1.5  up  to  10  curves  are  practically  coincident  for  the 
intervals  which  correspond  to  the  absence  of  transmission  waves. 


fig.3a  fig. 3b  fig.4 


DIELECTRICAL  ECHELEHU. 

Observation  of  the  effect  of  fully  anti-mirror  reflection  at  a  comigated  teundar^ 
of  dielectrics  gives  possibility  of  building  of  •  dielectric  echelettes  and  dielectric 
echelette  resonators  with  a  comparably  rare  spectrum. 

Such  a  resonator  was  studied  ejcjjerimentally.  We  have  designed  the  two-mirror 
resonator.  One  of  the  mirrors  was  made  from  dielectric  c=2  and  had  the  eshelette  side  for 
the  reflecting  of  wave  indecent  from  dielectric.  The  second  mirror  was  made  ^ 
metallic  (rig.5).  Resonator  mode  was  organized  by  the  wave  which  propagated  normal  to  the 
plane  metal  mirror  and  reflected  at  the  dielectric  eshelette  with  the  coefficient  near 

There  were  observed  one  high-Q-f  actor  oscillation  with  Q~900+1000  and  the 
lovr-Q-factor  oscillation  with  Q-factor  no  exceeded  Q~250-350.  The  module  of  the 
reflection  coefficient  was  defined  by  the  Q-factor  and  was  R-i=0.95+0,9S  at  tb  t 
frequency  where  the  theoretical  value  is  unity  (fig.6). 


fig.5 
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ABSTRACT 

Oassificalionofclcclromagnelicfidds  becomcsveiy  important  in  the 
problems  of  electromagnetic  hazard  and  electromagnetic  compatibility. 

This  paper  considers  field  presentation  and  its  recognition  in  a  real 
time  scale.  Field  presentation  is  produced  in  the  space  of  its  time 
realizations.  The  optimal  decision  rule  uses  recognition  signs  built 
wth  the  Karunen  -  Lxx:v*s  decomposition  technique. 

INTRODUCTION 

Time  investigations  of  electric  or  magnetic  components  of  a  field  in  any  plane  have  a  random 
diaractcr.  Description  of  fields  in  purpose  of  their  recognition  may  be  produced  with  probability  densities, 
covariation  matrices,  spectra  or  time  realizations/ 1,2/.  This  paper  deals  with  field  presentation  by  discrete 
time  functions  and  construction  of  recognition  signs  in  the  space  of  common  Kaninen  -  Loev's  signs. 

FORMULATION  OF  THE  PROBLEM 

The  i-th  field  type  is  assumed  to  be  one  of  M  possible  fypes  with  probability  ,  such  that 
u 

=1.  Afield  is  presented  in  the  space  of  time  realizations.  Statistical  characteristics  of  a  field  arc 
•»=r 

unknown,  but  a  teaching  classified  sample  is  given.  Nccessaiy  to  construct  field  recognition  signs  and  an 
optimal  decision  nile. 

FIELD  PRESENTATION  WITH  DISCRETE  TIME  FUNCTIONS 

An  eleciromagneUc  field  represents  a  random  field  )  in  a  space  point  r  with  coordinates 
(x,  y,  z).Thc  full  statistical  description  of  a  three-dimensional  field  may  be  given  by  a  set  of  ihrcc  N- 
diraensional  probability  densities.  Wc  will  be  limited  with  the  correlation  theory  level  and  assume  that  a 
field  is  stationary.  The  i-lh  field  type  will  be  described  with  a  matrix  function  of  the  dimension  3x1 

(1) 

A  function  P{()  is  generally  a  complex  function  and  may  be  described  at  the  level  of  the  correlation 
theory  by  a  matrix  correlation  function 

)  ],  (2) 

where  £  is  a  sign  of  averaging;  /;^  =  £7^  (/);  the  bar  indicates  the  complex  conjugate. 

In  practice  a  function  P  (/)  is  observed  a  finite  time  and  measured  in  a  discrete  form.  Therefore 
assume,  that  we  deal  with  a  discrete  matrix  function,  given  within  a  finite  interval 

Pik),  (3) 


Decompose  afunction  P(k)  into  the  Fourier  series  in  the  basis  set  [exp(V^^27t )  | 
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(4) 


were  S'(_f)  is  a  matrix  fiinction.  which  defines  a  field  speclnmi  in  the  rocniioned  basis  set 

CONSTRUCTING  RECOGNITION  SIGNS 

The  chosen  basis  set  performs  the  role  of  field  primary  signs.  Now  we  will  define  the  informaUve 
recognition  signs  of  fields  ns  a  coinmon  Kaninen-Locv*s  signs. 

Introduce  the  space  of  matrix  functions  F^k)  with  the  following  inner  product,  length  and 

distance 

Decompose  the  fiinction  P(.k)  into  the  general  Fourier  series  with  the  orthonormalised  basts  set 

[Hs.k)] 


(9) 

where 

=  ZLiZi.0 

(10) 

(11) 

We  will  be  limited  with  a  partial  sum 

(12) 

Consider  the  expression 

(13) 

where  the  value  p  ([f],[^.])  is  defined  according  to  (8).  It  represents  the  squared  distance 

between  field  realizations  F  and  ^-averaged  through  the  M  field  types 

averaging  through  a  set  of  realizations.  Transform  (13)  to  the  next  expression 

and  with  additional 

(14) 
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introducing  =  73(^1  ,^).  the  (14)  may  be  wriaen  as 

Let  us  find  the  basis  set  { iK***,  k)}  for  which  the  expression  (15)  will  be  minimum.  For  this  case 
the  error  mean  square  of  a  field  presentation  with  a  partial  sum  (12)  will  be  also  minimum.  According  to 
(15)  the  problem  of  such  basis  finding  goes  to  the  maximum  of  the  expression 

r,,  W)  = 

(iSinli  rn(-'.*!)]-  (16) 

After  introducing  the  operator  R  according  to  the  expression 


A<^n(j.*2)]  =  „(|4n(^i.*2)].[  (17) 

the  maximum  of  (i6)  will  be  reached,  if  charactenstic  vectors  of  this  operator  are  chosen,  as  a  matrix 
[  They  arc  defined  from  the  equation 

^  ¥Myk)]  =  X  [  }(f,{s,k)]  (18) 

Taking  into  account  (17)  the  last  equation  after  expanding  may  be  written  as 

T!iuxll‘i^,xKniKk2)¥n{s,k^)  =  X  (19) 

Expression  (19)  represents  a  ^stem  of  three  equations  for  definition  of  the  characteristic  values  and 
characteristic  vectors.  Characteristic  vectors  perform  the  role  of  common  Karunen-Locv‘s  signs.  In  the 
space  of  tliis  signs  the  i-th  field  type  is  described  by  a  vector 

={ci{0),...,ciis),...,c^{N-\)f.  (20) 

From  a  teaching  Sample  {d{s,r),r  =  =  1,...,  A/}  an  estimation  of  the  i-th  field 

type  probability  density  may  be  defined  for  constructing  a  decision  rule  as  a  partial  sum  of  the  series 


On  finding  decomposition  coefficients,  we  receive  the  estimation  fT  (a)  and  construct  in  the  space  with 
the  adaptive  Byes' principle  an  asymptotic  optimal  decision  rule  as  follows 

P^y{a)>Pj>'\a),  (22) 

Such  construction  of  a  dedsion  rule  in  the  space  with  a  small  number  of  recognition  signs 
provides  realization  of  a  specialized  recognition  system. 
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Abstract  —  The  plane  wave  diffraction  by  a  terminated,  semi-infinite  parallel- 
plate  waveguide  with  three  different  material  loading  is  rigorously  analyzed  for 
die  £-polarized  case  using  the  Wiener-Hopf  technique.  Representative  numerical 
examples  of  the  radar  cross  section  (RCS)  are  presented  and  the  far  field  back- 
scattering  characteristics  are  discussed.  It  is  shown  that  the  three-layer  lossy 
material  loading  on  the  endplate  inside  the  waveguide  results  in  significant  RCS 
reduction  over  broad  frequency  range. 

1.  INTRODUCTION 

Analysis  of  the  scattering  from  open-ended  metallic  waveguide  cavities  is  an  important  sub¬ 
ject  in  target  identification  problems  since  these  obstacles  contribute  significantly  to  the  radar 
cross  section  (RCS)  due  to  the  interior  irradiation.  Cavity  structures  are  encountered  in  many 
radar  targets  such  as  jet  aircrafts  and  ships;  therefore  it  is  often  required  to  reduce  the  BCS 
either  by  loading  the  interior  of  cavities  with  absorbing  materials  or  by  shaping  cavities. 
Some  of  the  cavity  diffraction  problems  have  been  analyzed  thus  far  using  various  analytical 
and  numerical  methods  [1].  It  appears,  however,  that  the  solutions  deduced  via  these  methods 
are  not  uniformly  valid  for  arbitrary  cavity  dimensions. 

In  the  previous  papers  [2,  3],  we  have  considered  a  finite  parallel-plate  waveguide  with  a 
planar  termination  at  the  open  end  as  an  example  of  two-dimensional  cavity  structures,  and 
analyzed  rigorously  the  plane  wave  diffraction  using  the  Wiener-Hopf  technique,  where  the 
efficient  approximate  solution  is  obtained  which  is  valid  for  cavity  depth  greater  than  about 
the  wavelength.  In  this  paper,  as  a  related  two-dimensional  geometry,  we  shall  consider  a 
material-loaded  cavity  formed  by  a  semi-infinite  parallel-plate  waveguide  with  an  interior 
planar  termination,  and  analyze  the  diffraction  of  an  E-polarized  plane  wave  using  the  Wie¬ 
ner— Hopf  technique.  Introducing  the  Fourier  transform  for  the  scattered  field  and  applying 
boundary  conditions  in  the  transform  domain,  the  problem  is  formulated  in  terms  of  the  si¬ 
multaneous  Wiener-Hopf  equations,  which  are  solved  rigorously  via  the  factorization  and 
decomposition  procedure.  It  is  to  be  noted  ftiat  the  solution  is  valid  for  arbitrary  cavity  dimen¬ 
sions.  The  scattered  field  is  evaluated  by  taking  the  inverse  Fourier  transform  together  with 
the  use  of  the  saddle  point  method.  Illustrative  numerical  examples  on  the  RCS  are  presented 
for  various  physical  parameters  and  the  far  field  backscattering  characteristics  are  discussed. 
It  is  shown  that  the  interior  irradiation  is  significantly  reduced  over  broad  frequency  range  by 

loading  the  interior  of  the  cavity  with  three-layer  lossy  material. 

The  time  factor  is  assumed  to  be  e"'"'  and  suppressed  throughout  this  paper. 

2.  RIGOROUS  WIENER-HOPF  SOLUTION 

We  consider  the  diffraction  of  an  E-polarized  plane  wave  by  a  terminated,  semi-infinite  par¬ 
allel-plate  waveguide  with  material  loading,  as  shown  in  Fig.  1,  where  the  upper  and  lower 
plates  of  the  waveguide  and  the  endplate  at  z  —  “~d\  arc  infinitely  thin,  perfectly  conducting, 
and  uniform  in  the  y-direction.  The  material  layers  l{~d\<z<-d^,  U(-d2<^<~d^,  and 
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Fig.  1.  Geometry  of  the  problem. 


III(— (i3<2<— ^4)  are  characterized  by  the  relative  peniiittivity/permeability(e|,//j),  {e2f^^3 
and  (53, /ts),  respectively. 

Let  the  total  electric  field  <}>\x,z)  [=Eyix,z)]  be 

^‘(X.z)  =  </>'(x,z)  +  (1) 

where  4>\x,z)  is  the  incident  field  defined  by 

0<9,<nl2  (2) 

with  k  [=£t)(woeo)^^^]  being  the  free>space  wavenumber.  For  analytical  convenience,  we  shall 
assume  that  the  vacuum  is  slightly  lossy  as  in  k  =  ki+ik2  with  0<k2^kx.  The  solution  for 
real  k  is  obtained  by  letting  k2~*  +0  at  the  end  of  analysis.  Let  us  define  the  Fourier  trans¬ 
form  of  the  unknown  scattered  field  <t>{x,z)  as 

=  _^<f>(x,z)e'^dz,  a  =  Rea  +  iIma(=a  +  2T).  (3) 

In  view  of  the  radiation  condition,  it  follows  that  <f(x,a)  is  regular  in  the  strip  -k2<z< 
^2 cos  00  of  the  a-plane.  Taking  the  Fourier  transform  of  the  two-dimensional  Helmholtz 
equation  and  solving  the  resultant  equations,  we  may  derive  the  scattered  field  representation 
in  the  transform  domain.  In  particular,  the  field  for  x^  ±6  is  given  by 


(P(x.  a)  =  (l/2)[£/f^,  (a)  ± 
where  7”  =  with  Re r>0,  and 

=  ¥^(+)(6.a)  +  W(4-b.a).  Ff^,(a)  =  W^^b.a)  -  W^^-b.a), 

W(4x.a)^0^{x.a)-~-  — - - — 

5>+(x,a)  =  {2z)~^'^J“<l>ix,z)e’^dz. 


(4) 

(5) 

(6) 
(7) 


Applying  the  boundary  conditions  in  the  transform  domain,  the  problem  is  formulated  in 
terms  of  the  simultaneous  Wiener-Hopf  equations  satisfied  by  the  unknown  functions  (a) 
and  F®+)(a).  The  Wiener-Hopf  equations  can  be  solved  via  the  factorization  and  decomposi¬ 
tion  procedure  leading  to  the  following  exact  solution: 


yf.i(a)  M’M,  A,  - 

b  L  6(a-Arcos0o)  «=i  b(a  +  ir2n-\) 

Ar|(a),  B,  . 

b  b^^^  U(a-^cos0o)  n-i  b(a  +  iY2n) 

where  M+{a)  and  Nlia)  are  split  functions  of  the  Wiener-Hopf  kernels  [4],  and 


(8) 

(9) 
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c J  •=  [(«  -  \l2)nflbir2n~\>  K  =  (nit)Vbir2«> 

Pl^Mtdru.yVb^'^, 

“  UU)iir2n-\yb,  V*  =  Vf^^(ir2i!flb, 

a  pfn^  2r*,W,  ^  _M3Tn~^^ 


e  P2n^  ZTjaWj  p|^  ^ 

‘•“i-Pi.Pi.p-”'”''--'-’'  *'•=■• 

'’'■  (P^/PtV’i.+ff./’i!,'  ‘‘'  l+e-”’""*-'''' 


(P2//^l)^ln  +  rirt^2« 

.  WPjra-fSr/a,  „  l-Pf.p'”'”"*"*'’ 

(P3/P2r2,+ri.r3.' 

_  /26\i/2*cos(fe6sm0{j)  ^  /2&u/2sin(febsingo) 

Mfffecos0„)  ’  iV?(fecosan) 


®  Mt(fecos0o)  'JT/  NlikcosOf) 

r„  =  [(n;r/26)2-*2]i/2.  r^  =  [(„;r/26)2-/i^„*23i/2  ;„  =  i,2,3. 


In  (8)  and  (9),  the  unknowns  and  t;^  for  n  =  1, 2, 3,  •  •  •  arc  determined  by  solving  appro¬ 
priate  matrix  equations  numerically.  The  above  solution  is  valid  for  arbitrary  cavity  dimen¬ 
sions.  The  scattered  field  in  real  space  for  lari  >  6  can  be  derived  by  substituting  (8)  and  (9) 
into  (4)  and  evaluating  the  inverse  Fourier  transform  asymptotically  with  the  aid  of  the  saddle 
point  method.  The  analysis  has  thus  far  been  carried  out  by  assuming  O<0o<^/2,  but  the 

results  are  in  fact  true  for  arbitrary  00- 


3.  NUMERICAL  RESULTS  AND  DISCUSSION 

Figures  2  and  3  show  numerical  results  of  the  monostatic  RCS  versus  the  incidence  angle  9q. 
In  numerical  computations,  cavity  dimensions  have  been  taken  as  fed  =  3.14, 15.7,  31.4  with 
di/26  =  1.0  (Fig.  2)  and  2.0  (Fig.  3).  We  have  chosen  Emerson  &  Cuming  AN-73  as  an  exam¬ 
ple  of  existing  three-layer  materials,  where  the  material  constants  arc  ej  =  3.4+fl0.0,  £2“ 
1.6  +  i0.9,  £3=  I.4  +  1O.35,  /ai=/t2=P3  =  l-0.  3nd  the  thickness  of  each  layer  isdi-d2”^2 
_^g  =  dg-d4(=  t/3).  In  order  to  Investigate  the  effect  of  multilayer  material  loading,  we 
have  also  computed  the  RCS  for  the  single-layer  case  with  fij  =£2  =  ^3=  1.4  + j0.35,Mi  -U2 
=fi^  =  1.0,  and  di  -  d4  =  t.  The  thickness  of  the  single-  and  three-layer  materials  is  taken  as 
fef  “  2.08.  In  the  figures,  the  results  for  no  material  loading  have  been  added  for  comparison. 

It  is  seen  from  the  figures  that,  for  empty  cavities,  the  RCS  exhibits  large  values  due  to 
the  effect  of  interior  irradiation,  whereas  the  irradiation  is  reduced  for  the  material-loaded 
case,  particularly  over  0°  <  0o  <  60’.  Comparing  the  results  for  single-  and  three-layer  loaded 
cavities,  we  observe  that  the  RCS  reduction  is  generally  significant  in  the  three-layer  case. 
Therefore,  it  is  inferred  that  multilayer  lossy  materials  can  be  used  as  broadband  absorbing 
structures.  Similar  analysis  for  the  H  polarbation  is  canied  out  in  the  companion  paper  [4]. 
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Abstract  -  In  this  second  part  of  a  two-part  paper,  the  plane  wave  diffraction  by 
a  terminated,  semi-infinite  parallel-plate  waveguide  with  three  different  material 
loading  is  rigorously  analyzed  for  the  /f-polarized  case  using  the  Wiener-Hopf 
technique.  The  method  of  solution  is  similar  to  that  developed  in  Part  I  for  the 
case  of  £  polarization.  Illustrative  numerical  examples  of  the  radar  cross  section 
(RCS)  are  given  and  the  far  field  backscattering  characteristics  arc  discussed.  It  is 
confirmed  that  the  effect  of  three-layer  loading  is  more  significant  in  the  //  po¬ 
larization  than  in  the  E  polarization. 

1.  INTRODUCTION 

Analysis  of  the  scattering  by  open-ended  metallic  waveguide  cavities  with  material  loading 
has  received  much  attention  recently  in  connection  with  the  radar  cross  section  (RCS)  reduc¬ 
tion  of  a  target  [1-4].  In  Part  I  [5]  of  this  two-part  paper,  we  have  considered  a  terminated, 
semi-infinite  parallel-plate  waveguide  with  three-layer  material  loading  as  an  example  of 
two-dimensional  loaded  cavities,  and  carried  out  a  rigorous  Wiener-Hopf  analysis  of  the 
plane  wave  diffraction  for  the  case  of  E  polarization.  It  has  been  shown  via  numerical  exam¬ 
ples  that,  for  large  cavities,  significant  RCS  reduction  can  be  achieved  by  lossy  material  load¬ 
ing  inside  the  cavity.  Comparing  the  characteristics  for  single-  and  three-layer  loaded  cavi¬ 
ties,  we  have  also  confirmed  that  the  three-layer  case  generally  gives  better  RCS  reduction 
than  the  single-layer  case. 

In  this  second  part,  we  shall  treat  the  plane  wave  diffraction  by  the  same  cavity  structure 
for  the  /f  polarization  and  derive  the  rigorous  Wiener-Hopf  solution  following  a  method  sim¬ 
ilar  to  that  employed  in  Part  I.  Representative  numerical  examples  on  the  RCS  are  presented 
for  various  physical  parameters  and  the  far  field  bakscatterihg  characteristics  are  investigated 
in  detail.  It  is  shown  that  the  effect  of  three-layer  loading  is  significant  in  the  //-polarized 
case  compared  to  the  E  polarization  [5].  In  the  following,  we  shall  use  abbreviated  citation  of 
the  equations  and  figures  in  Part  I  such  as  (I.l)  and  Fig.  I.l  if  necessary,  where  the  prefix  I 
and  the  second  number  denote  Part  I  and  the  equation/figure  number,  respectively. 

The  time  factor  is  assumed  to  be  and  suppressed  throughout  this  paper. 

2.  RIGOROUS  WIENER-HOPF  SOLUTION 

We  consider  a  two-dimensional  parallel-plate  cavity  with  three-layer  material  loading,  being 
illuminated  by  an  //-polarized  plane  wave,  as  shown  in  Fig.  1,  where  the  upper  and  lower 
plates  of  the.  waveguide  and  the  endplate  at  2  =  -£ij  are  perfectly  conducting  and  of  zero 
thickness.  The  material  layers  l{~di<z <—d^,  ll(—d2<z<—d^,  and  III(~ti3<2<~£f4) 
are,  respectively,  characterized  by  the  relative  permittivity/permeability  (e  j./r  j),  and 

(£3.^3)- 

Let  us  define  the  total  magnetic  field  l^Hlix.z)]  as  in  (I.l),  with  the  incident  field 

being  given  by  (1.2).  As  in  the  case  of  E  polarization,  we  shall  assume  the  vacuum  to 
be  slightly  lossy  so  that  the  free-space  wavenumber  k  has  a  small  positive  imaginary  part. 
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Fig,  1,  Geometry  of  the  problem. 

If  we  define  the  Fourier  transform  of  the  scattered  field  <l>{x,z)  as  (1.3),  it  is  seen -that  0(a:,a) 
is  regular  in  the  strip  ~k2^  t  <  ^3  cos  Oq  of  the  Of -plane.  Proceeding  the  same  procedure  as  in 
the  ^-polarized  case  [5],  the  Fourier  transform  representation  of  the  scattered  field  for  x^±6 
is  found  to  be 

<P(x.a)  =  T(l/2r)[£/^(a)  ± 

with  7  being  defined  in  Part  I,  where 

f/(%(a)  =  W^^;{b,a)  +  V^^{(-b,a).  F,*  ,(a)  =  W^^{(b.a)  -  W^^)'{-b.a), 

n  “ifersin^o 

ir(+)'(x,a)  =  0+'(x,a)+  ^ 


d>/(x,a)  =  (27r) 


{2nY'H(x-kcos6(^ 
1/2 J’^dHx.z) 


e'^dz. 


(1) 

(2) 

(3) 

(4) 


odx 

In  accordance  with  the  Wiener-Hopf  procedure  as  explained  in  Part  I,  the  unknown  func 
tions  f/(+)(a)and  F(+) (a)  in  (1)  are  determined  as  follows: 

y  ^  ^2n-\^nPn^hn^ 

L  ....  V  J, 


(/^(a)  =  6'/2^!‘(a)[- 


b{a  -  k  cos  9q)  n=i  b(a  +  ir2n-i) 


(5) 


Ff,)(a)  =  6'^2y^^(a)[ 


B 


- E 

b(a-kcos9()  fl=i 


,  “2j'2n-2t' 


%n-2fi2n-2bnQ!}Vhn-\ 


bia  +  ir2n-^ 


•J’ 


(6) 


where  (a)  and  N^ia)  are  split  functions  of  the  Wiener-Hopf  kernels  (see  Appendix),  and 


<5„=  1/2  for  n  =  0;  =1  for  n Si, 

a!l  =  ibir2n-ir\  b„^  =  (6iV2«-2r‘. 
pa^b  ‘%*(ir2„-i).  9^=6  ( /r2n-2). 

^hn  ~  2n-l).  Vhn  =  V(+)iiT2n-!^> 


Oo  e  ^^*^3  _^h 

h  _  P2n 


l^n  = 


Pf«  = 


(£2/^l)rfn/’  In  “Art 


/,  E 3„ 

Part  “ 


^aT’rt  Art 


fe2/£i)r!',r„+/-2; 


- 

b  In  “ 


h  2n~Art 

P2«  /  ,  T,  .  ^  »  i2n  “ 


l+g-2^.«Wr</2)’ 

1 


fe3/£2)rl'„Art+Art’ 


(7) 

(8) 
(9) 

(10) 

(11) 

(12) 

(13) 
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/26y/2fesin0ocos(febsin0o)  /2b\  if^ik  sin  ^psin  (feb  sin  9() 

MUkcosOf)  ’  U/  iViKftcoseo)  '  ■  ^ 

In  the  above,  7’q=— ift  and  /’,„g  =  — 'with  771=*  1, 2,  3,  whereas  7’„^nd /'^ui^with 
m  =  1, 2,  3  for  n  a  1  have  already  been  introduced  in  Part  I.  The  unknowns  and  for 
n  =  1,  2, 3,**-  in  (5)  and  (6)  arc  determined  by  solving  appropriate  matrix  equations  numeri¬ 
cally.  It  is  to  be  noted  that  the  above  solution  is  valid  for  arbitrary  cavity  dimensions.  The 
scattered  field  in  real  space  for  |il  >  6  can  be  derived  by  substituting  (5)  and  (6)  into  (1)  and 

taking  the  Fourier  inverse  together  with  the  use  of  the  saddle  point  method. 

3.  NUMERICAL  RESULTS  AND  DISCUSSION 

Figures  2  and  3  show  the  monostatic  RCS  versus  the  incidence  angle  6q,  where  all  the  param¬ 
eters  for  numerical  computation  are  the  same  as  in  Part  1.  It  is  noted  from  the  figures  that  the 
RCS  for  empty  cavities  show  large  values  due  to  the  effect  of  interior  irradiation,  whereas  the 
RCS  is  reduced  for  the  case  of  material  loading  with  all  chosen  values  of  kb.  Comparing  the 
results  for  empty  cavities  between  the  E  and  the  //  polarization,  we  notice  that  if  the  cavity 
dimension  is  small  as  in  Figs.  1.2(a),  1.3(a),  2(a),  and  3(a),  there  are  great  differences  depend¬ 
ing  on  the  incident  polarization.  On  the  other  hand,  the' RCS  for  both  polarizations  exhibits 
close  features  with  an  increase  of  the  cavity  dimension,  as  may  been  seen  from  Figs.  1.2(c), 
1.3(c),  2(c),  and  3(c).  As  regards  loaded  cavities,  we  find  by  comparing  the  results  for  the  sin¬ 
gle-  and  three-layer  cases  between  different  polarizations  that  the  effect  of  three-layer  loading 
is  more  significant  in  the  //-polarized  case  than  in  the  E  polarization. 


APPENDIX:  SPLIT  FUNCTIONS  OF  THE  WIENER-HOPF  KERNELS 
The  split  functions  appearing  in  this  two-part  paper  are  defined  as 

MUa)=icoskb}^^e^’^%+a)-^^expU(a)-iiabl^^^  (A.1) 

JV+(a)  =  (sinfef)/fe)’^exp[/(a)  +  (ia5/B^)ln2]Q+(a),  (A.2) 

M^(a)  =  (cosfe6)‘^e'^^''(fe+a)‘^exp[/(a)-(taWx)ln21F+(a).  (A-3) 

iy+(a)  =  (fesinfe6)*^c'’^'^(l+a/tyo)exp[/(a)  +  (ia6/a’)ln2]Q+(a),  (A.4) 

v/here 

f{a)=iirb/7t)]n[(a-r)lk]  +  iiabl7t)[l-C+\n{K/kb)  +  i7i/2],  (A.5) 

P.ia)=  fl  a  +  a/irn)e^^''",  QM^  n  (A.6) 

B<=l.odd  tt~2fiven 

with  C  (=  0.57721566 •••)  being  Euler’s  constant. 
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ABSTRACT 

We  present  the  improved  point-matching  method  with  Mathieu  function  expansion  for  the 
accurate  analysis  of  the  V/-typc  elliptical  fiber  with  layers  of  any  ellipticity.  Lirnitations  of  previously 
reported  method  are  discussed.  Numerical  results  illustrating  the  application  of  our  method  to  investigate 
the  highly-bircfringent  elliptical  fibers  with  a  hollow  layer  are  presented.  From  the  convergence  tests, 
it  is  confirmed  that  the  relative  error  of  the  modal  birefringence  is  less  than  0.01%.  The  proposed 
method  can  be  extended  for  analysis  of  the  elliptical  fibers  with  hollow  pi U  and  elcctromagnelic 
scattering  problems  by  targets  of  the  complex  elliptical  geometry. 

INTRODUCTION 

The  double-step  confocal-elliptical  fibers  were  analyzed  by  the  exact  analytical  method  with  - 
Mathieu  function  expansion  [1],  [2].  Among  several  structures  of  such  fibers,  the  W-type  fiber  was 
suggested  for  low-dispersion  and  polarization-maintaining  applications.  In  order  to  investigate  the 
W-type  elliptical  fibers  with  layers  of  any  ellipticity  [=1-  bj/aj,  j={l,2},  see  Fig.  1],  a  few 
numerical  methods  were  proposed,  f.e.  the  point-matching  method  with  Bessel  function  expansion 
[3]  and  the  Yasuura’s  mode-matching  method  (Y-MMM)  with  Bessel  function  expansion  [4].  In 
these  methods,  however,  high  accuracy  may  not  be  expected  for  larger  ellipticitics  (ej>0.5)  [4]. 

In  this  paper  we  present  the  improved  point-matching  method  (IPMM)  with  Mathieu  fun- 
ction  expansion  for  the  accurate  analysis  of  the  polarization-maintaining  W-type  elliptical  fiber  with 
layers  of  any  ellipticity.  It  is  shov/n  that  the  numerical  results  by  IPMM  are  quite  reliable.  Our 
results  are  compared  with  those  by  Y-MMM.  Numerical  results  illustrating  the  application  of  our  - 
IPMM  to  investigate  the  highly-birefringent  elliptical  fibers  with  a  hollow  layer  are  also  included. 

FORMULATION 

The  cross  section  of  the  W-type  elliptical  fiber  is  shown  in  Fig.  1 .  Two  cniptical  coordinate 
systems  and  introduced  for  the  complete  modal  expansions  and  two  of  the 

elliptical  cylinders  with  $i=fio  and  assumed  to  coincide  with  the  boundaries  of  the 

layer  1  and  2,  respectively.  The  refractive  index  in  the  layer  of  a  number  i  is  denoted  by  ti;,  where 

i= {1,2,3}  and  it  is  assumed,  that  nj>n5>n2. 
The  propagation  factor  where  ^  is  the 

propagation  constant  in  the  z-direction  and  «  is 
the  angular  frequency,  will  be  omitted  in  the 
expressions  for  the  field  components.  Since  the 
fiber  structure  is  symmetrical  about  the  x  axis, 
the  electromagnetic  fields  can  be  separated  into 
the  odd  modes  oEH„p  and  the  even 

modes  ,,HE„p,  „EH„p.  In  our  IPMM  the  z- 
components  of  electric  and  magnetic  fields  (E,,  - 
and  Hj)  for  the  odd  modes  are  approximated  by 
the  complete  modal  expansions  with  the 
Mathieu  functions  as  follows: 
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Fig.  1  Cross  sectioD  of  the  W-type  elliptical^ 
fiber :  ii,>n3>ii2 


In  layer  1: 


In  layer  2: 


£r“EA®CeXEj.-Y^«Xnj.-YL)  *E 


^®-E  Br  ^‘'X5j.-yD«/ti2.-yL)  ^E  <7^*.(5p-Y2,)«.(n,.-T5,) 


In  layer  3  (the  cladding): 


i-0 


flf ’=E  5f^Gci:/52,-Y^:seXn2.-Y^ 


where  7]  -y^  ==  qj(l^-0^)f4 ,  -73  -0^)14  and  lq=fcn|,  qj  is  the  semifocal 

length  in  elliptical  coordinate  system  of  a  number  j,  j  =  {l,2},  k  is  the  wavenumber  in  free  space; 
ce„( ),  se„{ )  are  the  even  and  odd  Mathieu  functions  of  the  first  kind;  Ce„( ),  SCnO  are  the  even 
and  odd  modified  Mathieu  functions  of  the  first  kind;  Fekjj(  ),  Gek:„(  )  are  the  even  and  odd 
modified  Mathieu  functions  of  the  second  kind.  N  and  L  are  the  number  of  space  harmonics  taken 
in  our  IPMM.  The  coefficients  of  Eqs.  1-6  are  determined  from  the  boundary 

conditions.  Axial  field  components  for  the  even  modes  are  in  the  form  of  Eqs.  1-6,  when  the  even 
Mathieu  functions  are  replaced  by  the  odd  ones  and  vice  versa.  The  total  transverse  components 
of  the  field  in  layer  2  can  be  expressed  by  combining  the  fractional  f-component  and  i;-component 
in  two  elliptical  coordinate  systems  at  any  points  at  {10  and  {20  [5]: 

(71 


where  and>  are  the  total  and  fractional  field  components  respectively,  7j  is  the 

angle  between  »7j-component  and  i?2-component,  pj=l  or -1. 

Because  of  the  symmetry  of  the  structure,  only  the  first  quadrant  of  the  fiber  cross-section  is  used 
in  the  analysis.  The  propagation  constants  of  modes  arc  computed  for  the  even  mode  number  expa¬ 
nsions  (EMNE)  and  the  odd  inode  number  expansions  (OMNE)  of  the  fields.  By  matching  the 
tangential  fields  at  the  equiangularly  spaced  points  around  the  boundaries  betwi^n  layers  of  the 
fiber,  we  obtain  simultaneously  homogeneous  linear  equations;  4(N-f-L-l)  for  EMNE  and  4(N-1-L) 
for  OMNE  and  finally  the  characteristic  equation,  from  which  we  can  get  the  propagation  constants. 
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Fig.  2  Models  of  W-type  elliptical  fibers:  n|>  113  >02 

In  the  following  analysis  the  parameters  are  defined  as  follows; 
nj^)  is  the  normalized  propagation  constant  and  V=kaj(nj*-nj*)*^  is  the  normalized  frequency, 
where  JS^  and  A*  denote  the  propagation  constants  of  the  odd  and  even  fundamental  mode, 
respectively.  The  propagation  constants  and  /S*  are  the  maximum  values  of  ^  for  the  even  and 
the  odd  mode  number  expansions  of  the  modes.  The  results  are  presented  for  the  case,  when  N =L. 

RESULTS  AND  DISCUSSION 

The  Fortran  programs  for  the  Mathieu  functions  which  we  use  in  our  numerical 
computations  have  been  developed  by  Yamashlta  [6],  [7].  The  accuracy  of  the  Mathieu  functions 
is  confirmed  to  be  of  more  than  ten  significant  digits  for  the  double  precision  computations.  Such- 
accuracy  is  necessary  in  view  of  the  computational  errors  involved  in  large  matrix  operations. 


Fig.  3  Characteristics  of  AB  versus  V  for  fibers  as  shown  in  Fig. 
2(b)  with  different  values  of  Cj-O.  ni«=1.5,  n2=*1.3  and- 
nj^l.4 

Curves  correspond  to  Ref,  [4]  and 
circle-points  correspond  to  our  IPMM 


^  \  1  2  y  * 

Fig.  3  shows  the  dependence  of  the  difference  in  normalized  propagation  constants 
AB=|Po-Pcl  on  the  normalized  frequency  V  for  fibers  as  shown  in  Fig.  2(b),  having  different 
ellipticities  e2,  Ci=0,  =  n2=1.3  and  n3  =  1.4  .  The  difference  AB  is  proportional  to.  the 

modal  birefringence  B=l(i3o-i3p)/k|  and  it  was  used  by  Miyamoto  to  express  a  degree  of 
polarization-preservation  in  fibers.  As  can  be  seen  from  Fig.  3,  the  results  reported  in  [4]  (curves) 
are  in  substantial  disagreement  with  our  results  (circle-points)  in  the  region  of  interest,  namely  near 
the  V-value  corresponding  to  maximum  birefringence’.  In  the  presented  case,  results  of  Y-MMM 
are  accurate  enough  for  fibers  of  very  snail  Cj.  The  convergence  tests  for  AB  as  a  parameter  of 
C2,  for  fibers  as  considered  in  Fig.  3  (with  the  additional  case  of  C2=0.7),  when  V— 1.6,  are- 
iflustrated  in  Fig.  4.  It  is  noted  that  the  convergence  of  AB  depends  significantly  on  ellipticity  of 
the  layer  2.  Numerical  computations  were  carried  out  by  using  the  truncation  number  N,  which 
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1/N  V 

Fi^.  4  AB  versus  1/N  for  fibers  «  analyzed  in  Fig.  3  Fig.  5  Characteristics  of  AB  versus  V  for  W-type  fibers 
with  different  values  of  Cj,  Cj«0»  nj“1.5,  n2'’l.3  and  as  shown  in  Fig.  2(a)  vdth  a  hollow  layer  2,  different 
03=1.4  values  of  Cj,  62=0,  nj=  1.5  and  nj*  1.4 

makes  the  relative  error  of  AB  less  than  0.01%  .  Fig..  5  shows  the  dependence  of  AB  on  V  for  the 
elliptical  fibers  with  a  hollow  layer  2  and  (Fig.  2(a)),  having  different  cllipticilies  Cj,  e2=0, ' 
Hj  =  1.5  and  =  1.4.  It  is  noted  that  such  fibers  can  realize  the  large  value  of  modal  birefringence. 
In  the  frequency  range  Vgo<  for  Cj— 0.5  (broken-line  curves)  the  single-polarization - 

transmission  is  possible  and  w'e  have  that  3.276  arid  =  2.889  (V^e  and  V^o  denote  the 
normalized  cut-off  frequencies  of  the  even  and  odd  fundament^  mode,  respectively). 

CONCLUSIONS 

We  have  presented  the  improved  point-matching  method  with  Mathieu  function  expansion  - 
for  the  analysis  of  the  W-type  elliptical  fibers.  Results  of  our  IPMM  are  quite  reliable  for  the  fibers 
with  layers  of  any  ellipticity,  because:  1.  The  electromagnetic  fields  in  each  layer  of  the  fiber  are 
expanded  by  a  sum  of  the  complete  set  of  wave  functions;  2.  The  Mathieu  functions  are  calculated 
to  more  than  ten  significant  digits  over  the  range  of  arguments  and  orders  used;  3.  From  the  con¬ 
vergence  tests,  it  is  confirmed  that  the  relative  error  of  the  modal  birefringence  is  less  than  0.01  %;  - 
4.  Our  method  never  produces  spurious  numerical  solutions.  From  the  numerical  analysis  it  was 
found  that  W-lype  fibers  as  shown  in  Fig.  2(a),  with  a  hollow  layer  2,  can  realize  the  large  value 
of  modal  birefringence  and  they  may  be  useful  for  the  single-mode  single-polarization  transmission. 

Owing  to  its  flexibility  and  accuracy,  the  IPMM  proposed  in  this  paper  can  be  a  useful  tool 
for  analysis  of  a  large  class  of  fibers  (f.e.  elliptical  fibers  with  hollow  pits)  and  electromagnetic  ' 
scattering  problems  by  targets  of  the  complex  elliptical  geometry. 
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ABSTRACT 

Two  dlffraotion  effects  in  the  illuminated  region  of 

inhomogeneous  plasma  bodies  are  discussed. 

IKTRODUCTIOM 


We  investigate  two  diffraotion  effects  arising  in  the 
illuminated  region  of  an  Inhomogeneous  isotropio  plasma  with,  an - 
overdense  core.  The  first  effect  is  conditioned  by  pecxillarities  of 
E-wave  (vbE^O)  propagation  in  a  smoothly  Inhomogeneous  plasma  which 
is  not  taken  into  account  by  clasBical  geometrical  optics  (GO).  This 
effect  is  described  with  special  modification  of  geometrical 
optics (MGO  -  see  Ref,[1]).  Another  diffraction  effect  in  the  lit 
plasma  region  is  observed  when  local  curvature  radius  is  small 
compared  with  the  phase  deviation  scale  for  a  local  plane  wave. 

METHODS  GP  AHAIYSIS 

Por  investigation  of  diffraction  effects  in  the  lit  region  of 
inhomogeneous  plasm  we  applicate  two  groups  of  methods:  numerloal- 
and  asymptotical. 

Numerical  methos.  Por  radially  Inhomogeneous  soatterers 
(cylinder,  sphere)  was  used  the  well-known  eigen-function  method. 
Por  two-dlmentionally  inhomogeneous  plasma  cylinder  was  used  the 
method  of  finite  elements.  The  peculiarities  of  E-wave  i'^sK^O) 
propagation  in  an  inhomogeneous  plasma  are  taken  into  account  on 
numerloal  realization  of  methods.  Por  this  purpose  we  applicate  the 
method  of  analytical  eztention  in  the  region  E  0. 

Asymptotical  methods.  Por  asymptotical  solution  we  applicate 
the  geometrical  optics  and  the  method  of  interf erentional  integrals 
(by  H-polarisat ion  of  incident  wave,  T;hen  HySjiO) »  and  modifications 
of  the  geometricai  optics  and  of  the  method  of  Interferentional 
integrals  (by  E-polarisation  of  incident  wave,  when  Eys^^O).  Also 
we  applicate  the  parabolic  equation  method. 

PHYSICAL  RESULTS 

Consider  the  first  effect  which  oonditioned  by  peculiarities  of 
E-wave  (ye^O)  propagation  in  a  smoothly  iidiomogenepus  plasma  and  is 
not  taken  into  account  by  classical  GO  (see  ref.  (ij). 

Let  the  plane  wave  diffracted  on  inhomogeneous  plasma  bodies  of 
the  finite  dimensions.  The  divergence  of  the  E-  and  H-rays 
reflected  from  a  finite  dimension,  plasma  bodies  can  be  considerably . 
distinguished  in  the  far  zone.  The  divergence  of  the  E-rays  is  less 
than  that  of  the  H-rays  because  |  ys^^  j  >  jys  j  and  r^.  (The 

effective  overdence  core  radius  r  and  the  overdence  core  radius  r^ 

are  defined  by  equations  Eg^(r^^)=0  and  e(r^)=0,  respeotively) .  In 

accordance  with  this  conclusion  the  blstatio  cross-section  near 
backseat tering  direction  (when  the  resonant  attenuation  In  region  £ 
to  0  is  negle^ed)  is  greater  for  E-rays  than  for  H-rays.  Por  example 

coriBicler  the  haoK-scattcrins  crosc-scction  lor.  a  radially 

irihofnoe<?neoiw  pi c»0in«  sphere 
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0=icp*|  (2I^)’‘exp(-21®^)-Rj.(0)(2rj.)“‘ezp(-2i®^)-e(p)/8|cc,  (i ) 
^^ere  the  p  -  external  sphere  radius  (at  e=I),r^  and  r^^  are  defined 


ahov  e  t  p  ^  p 

e  dr,  1^=1 +p/  dr/r* Ve, 

**o 


£  O 


/•.4~dr.  I|.=.1  +p /^dr/r*-/e 


and  R^(0)=Rg  at  h=0.  We  take  into  account  also  the  3‘uaip  of  the 

permittivity  derivative  at  the  boundary  of  the  sphere  together  with 
divegent  E-  and  H-rays  in  Eqn.  (2). 

Analogous  expressions  for  the  radially  inhomogeneous  cylinder 
back-scattering  ^  cross7Beotions  for  a  perpendicular  plane  wave 
incidence  (  the  ^ump  e  (p)  is  neglected)  are  given  by 

=  Tcp  I~  at  (veB)7‘0,  a^=  %p  I'*  at  (veE)=0  (3) 

where  and  are  defined  in  Eqn.  (2),  the  p  -  extemal  cylinder 

radius. 

As  opposed  to  back-scattering,  the  bistatio  cross-section  in 
the  vloin^^  of  resonant  attenuation  maximum  defined  by  condition 

h|k^/ve|  ft#  0.7  is  less  for  E  rays  than  for  H  rays. 

fhe  oonsldei*ations  mentioned  above  are  confirmed  by  comparing 
of  MGO  approximation  with  the  numerical  solution  for  the  diffraction 
of  a  plane  wave  from  radially  inhomogeneous  scatterers. 

Consider  a  few  numerical  examples.  The  back-scattering 
oross-seotion  of  the  radially  inhomogeneous  sphere  with  linear  law  e 
=  a{r  -  r^)  as  a  function  of  the  pemittlvity  gradient  "a"  is  shown 

in  Pig.  1  for  k^^r^  =  8.  The  solid  line  represents  the  results  of 

computer  calculations  using  the  eigenfunction  method.  The  dash-star 
line  indicates  MGO  and  the  dashed  line  gives  the  standard  GO  (the 
same  notations  are  also  used  in  Figures  below).  Pig.  1  shows  that 
the  inhomogeneous  sphere  back-scattering  oi*08a~se^lon  is  described 
well  by  MGO  as  opposed  to  GO  which  gives  a  lower  value  for 
backseat  ter.  The  scattering  amplitude,  diagT^ams  for  a  radially 
inhomogeneous  cylinder  with  Gaussian  law  e(r)=1-B  exp(-ak*r^)  at 
B=5.75,  a=0.5T  are  plotted  In  Pig. 2  for  two  polarisations®  of  an 
insident  plane  wave.  Prom  this  figure  one  can  see  that  in  the  lit 
region  the  bistatio  cross-section  of  the  radially  inhomogeneous 
cylinder  (  at  Ev£340,Hv£=0)  is  satisfactorily  described  by  MGO. 

Consider  now  the  diffraction  effect  arising  from  the  small 
overdense  core  of  a  plasma  body.  Physically,  the  existence  of  this 
effect  seems  obvious  by  the  absence  of  an  overdense  core  when  the 
baok-soattering  field  is  equal  to  zero  in  GO  approximation,  but  in 
fact,  it  is  not  equal  to  zero.  We  shall  find  the  criterion  of  this 
effect  with  the  parabolic  equation  approximation.  The  permittivity 
£(3c»y*z)  near  the  surface  E=const  is  described  by  expansion 

E(x,y,z)  =  e(0,0,t)  +  eJ.(0,0,t)U  -  t)  +  0,5£"^^(x,0,t)  f 

+  0,5e“y(0,y,t)|y^^y*...  (4) 

when  the  z  axis  is  parallel  v£-  bet  the  plane  wave  go  to  the  surface 
e=con3t  in  an  inhomogeneous  media  in  direction  z. 

The  criterion  of  this  diffraction  effect  can  be  obtained  from 
parabolic  equation  and  can  be  written  in  the  form  £2] 
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ag/az  ds/dz  j  V*  _  r  (k^s)"‘.  s^o  (5) 

a='e/ax*  ^  a'^e/ay"'  !  J  ^  1  k;V{ae/ak^zr‘''*.  £^<0 


The  approximate  expression  for  the  mean  curvature  radius  R  in  the 
point  {0,0,t>  of  STZpfaoe  6  =  const  is  in  the  left-hand  side  of  this 
inequality.  The  phase  deviation  scale  is  in  the  rig^t-hand  side. 

Thus, this  diffraction  effect  arises  when  surface  8  =0  local 
curvature  radius  becomes  less  than  the  phase  deviation  scale  for  a 
local  plane  wave.  The  criterion  (5)  is  defined  for  scalar  case. 


The  diffraction  effect  described  above  was  analytically 
investigated  for  the  plane  .  wave  diffraction  from  radially 
inhoraogeneoi^  sphere.The  asymptotic  investigatioi?  of  the 
scattered  field,  with  the  help  of  E-  arid  H-waves  V?KB  asyinptotios 
gives  the  following  expression  for  the  back-scattering  cioss-seotion 
of  ajjplasma  sphere  with  power  profile  s  =  a  r "  :  , 

^  I  ^  14k  bx,  ^+2,  a  ^  i4k  P  ^  is(p)k:p,a 

°=4ic  I  W  ) l2¥-)  “572--  ^ - -8-  -  • 


^  1 

where  )l  =  (2/(m+2) )V^ m*/4  +  xa/2  ,  and  p=a  ®,  the  X  -wave  length  in 
a  free  space.  If  we  can  negleot  VS  Jump  at  the  boundary  of  the 
sphere,  we  see.from  Eqn.  T6)  that  baok-soattering  OTOSs-seotion 
has  a  value  X  for  8(0)  =  0. 

To  detennine  this  diffraction  effect  value  for  two-dimensional 
and  three-dimensional  soatterers,  we  must  apply  numerical  methods. 
Consider  the  insults  of  the  back— scattering  cross— section 
calculations  |or^ a  two-dimensional  inhomogeneous  cylinder  with  law 
£=1-B  exp (-<tk  (x  +5y  i)  where  0s;1 ,  and  the  direction  of  wave 
incidence  is  along  axis  x.  The  cross-sections  of  inhomogeneous 
plasma  cylinder  for  two  polarisations  of  insident  plane  wave  are 
plotted  in  7ig.3  for  B=2.818,  a=^0. 0625. They  were  calculated  by  the 
finite  element  method  (solid  line)  and  by  the  GO  approximation 
(dashed  line.  Pig. 3a)  or  the  KGO  approximation  (dashed  and  star 
line.  Pig  3b,  in  this  case  we  drop  the  terro  As  in  s  ef).  One  can  see 
good  sgreement  between  GO  (or  MGO  for  another  polarisation)  and 
numerical  results  when  pai*ameter  6  is  near  unit.  We  see  also  that 
diffraction  effects  arise  with  an  inorease  in  parameter  5,  in 
aooordanse  with  estimation  (5). 


CONCLUSION 


Interesting  diffraction  effects  may  be  observed  in  experiments 
on  elec tromagne tic  wave  scattering  by  natural  and  artificial  plasma 
inhomogeneities.  Por  example  it  has  been  shown  that  for  the  case  of 
scattering  by  meteor  trails  with  a  big  (i.e.  >X/2x)  overdenoe  region 
radius,  the  MGO  appix>xiraation  can  explain  the  inorease  in  E-wave 
(E^SjiO)  scattering,  as  compared  to  H-wave  (^8=0)  scattering. 
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ABSTRACT 

li  has  been  analysed  the  to  obtain  the  vekxdty  wid  the  nbe  distiibations 

of  the  drops  appeared  over  the  sea  sarface  dxiniig  the  wave  breaking.  Bimodal  cn^ent 
power  spectra  of  the  scattered  signala  were  took  into  account;  on  this  base  the  spectra 
parts  connected  with  the  spray  removing  by  air  flows  were  investigated;  as  a  result  H 
allowed  to  formulate  the  relation  between  the  velocity  and  ^e  drops  distribution  and 
the  noted  spectra  parts.  Moreover,  the  mean  windspsed  at  the  medium  hdghts  above 
the  surface  has  been  estimated, « as  well  as  the  mean  hdght  of  the  layer  indnded  the  drops 
transfening. 

1.  INTRODUCTION 

It  is  need  for  the  various  appEcations  to  know  the  distributipa  features  of  the  water 
drops,  generated  during  the  wave  crests  breaking  and  carrisd  away  from  these  crests  by 
the  wind  flow.  They  are  both  the  oceanology  investigations,  end  the  radar  dntter  kvd 
estimation  for  the  sea  monitoring  by  X-  and  Ku-  tadiowave  bands.  At  a  rule,  in-mtu 
metbods  are  used  successfully  to  study  these  distributions  [1]  for  the  bdghts  more  than 
ten  of  meters  above  the  sea  surface,  while  there  ia  a  problem  to  use  these  metbods  for 
the  lower  hmghts.  The  last  resulted  ia  the  feet,  that  at  present  there  are  not  practically 
the  complete  and  reHable  data  about  the  ms  and  velocity  distributions  of  the  drops  at 
■mull  height  shove  tha  eea  surfeca,  whera  main  part  of  drej^  us  concentrated. 

Meanwhile,  as  it  was  preseBted  at  [2],  the  current  radar  spectra  of  scattering  by  the 
sea  surface  have  often  the  bimodal  form  in  tha  instanta  of  scattered  Egnda  ’’apfeahea* , 
and  the  second  peak  at  higher  frequency  is  caused  by  the  Bcattering  by  the  droj^  formed 
after  the  wave  breaking  and  moved  by  the  wind  flow.  Drops  mean  velocity,  determined 
as ' 

F  =  iB -  (1) 

;p{v)iiv 

where  p(Y)  -  drops  velocity  distribution  and  V  -  vdocity,  is  not  varied  practically 
nndrar  the  air  turbulence  effect  and  results  in  the  frequency  shift  of  the  Dopier  spectrum 
of  the  scattered  signal,  as 

Tt=^^zm^cM9  (2) 
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where  ip  -  gmsing  ^g!c,  ff  -  between  the  wind  yector  end  the  look  radiowave 
propagation  one. 

The  spectrum  width  of  the  Egnal  ec&itsred  by  drops  corr^stes  with  the  dropa  vdodty 
dbtribution,  and,  as  a  r^alt,  with  their  rase  distribution.  This  feet  allows  the  opportunity 
cm  the  base  on  the  scsttared  siguid  nsdar  maEOTremaat  to  derive  the  p&rticleB  velocity 
and  sise  distribution  on  the  low  heights  above  the  sea  surface.  ■ 


2.  POWER  SPECTRA. 


During  a  great  nnmber  of  experiments,  carried  out  with  the  short  part  of  centimeter 
Kid  TnitliTnater  radiowBve  bands,  it  has  bssn  shown,  that  the  resulting  spsctmm  of  the 
backsGattered  dgnalb  could  be  presented  as  a  sum  of  two  spectra 


.  G(F)  =  GsM{r)  +  GspiF)  (3) 

Here  the  first  tenn  in  the  right  part  is  deteimbed  by  the  scattering  by  the  sea  surface, 
and  the  second  -  by  the  scattering  on  the  drops  appsKed  during  the  wave  breaking  and 
transferred  by  wind  Sow, 

As  for  the  first  term,  the  features  of  the  power  spectra  for  the  signals  backscatteied 

the  sea  surface  has  been  studied  enough  complete  [3]. 

However,  the  current  power  spectra,  measured  in  the  instants  of  the  scattered  rignals 
’’sidashes”,  have  is  soma  cases  the  secosd  paak  in  ihair  high  frequency  p&rl.  To  study 
it,  experiments  were  carried  out,  that  had  resulted  in  the  following  data:  the  current 
power  spectra  for  the  sea  surface  backecattering  during  the  splash^  were  obtained  for 
the  3  cm  end  8  mm  rediowsve  bands  in  the  continuous  wave  regime.  The  integration 
tim^  for  these  spectra  realising  were  1.024  sec  fox  3  cm  waveband  and  0.819  sec  for  8  cm 
wavebsmd.  In  the  spectra  the  second  peaks  appear  clearly  in  220.. 360  Hs  band  for  3  cm 
wavelength  and  in  900..1300  Ha  band  for  8  mm  wavelength.  The  wind  velocity  had  been 
measured  by  the  standard  meteorological  station  situated  on  the  10  m  level  over  the  sea, 
and  was  about  8..10  ms"^  during  experimeata;  mean  wave  height  was  about  1.5  m. 

To  miplain  the  second  peak  appearing,  it  is  need  to  suppose  the  Bcatteren  speed  to 
be  existed  is  about  5.2..5.4  m3~*,  that  is  essential  more  than  possible  scatteKrs  speed  in 
the  frames  of  the  two-ecale  ccaitering  model  The  speed  for  the  teal  scatterers  here  must 
be  about  $0%  of  the  wind  speed. 

From  the  other  hand,  the  horisontfil  spray  relocation  by  wind  flows  could  explain 
these  high  velocity  of  the  scatterexs.  It  is  also  proved  by  the  depolarisation  coefficient 
increasing  during  the  iqilashes,  as  Well  as  by  the  fact,  that  the  doppler  frequency  shift  of 
the  1st  peak  was  opposite  to  the  2nd  one,  while  the  wave  propagated  upwind  in  some 
experiments. 

K  the  spectrum  of  the  scattering  by  the  sea  is  used  in  the  form 

OsMiF}  si  Gost  ^  W 

Esd  h  kf  pit>jKBed  the  spectnzm  of  the  ecattexiiig  by  the  epr&y  is  synm^trical  io  respect 
to  the  frequency  Fq2  could  be  presented  in  the  type  like 
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G,An^Gosp\i  +  \^^[]  (5) 

it  is  possiHe  to  obt^  the  dependence  between  tbs  real  cpectrnm  of  the  ecaltering  by 
8pTs.y  s.sd  tbs  estimstioa  one: 


OspiF) 


gl)"]  when  jf  -  Foal  >  Aft 
Gq5p  Aft"  “  fti  A  J 


TaKng  into  account  the  known  wind  velocity  dependence  via  the  haighl  as 


.  ^(r 

that  allows  to  estimate  the  dopplsr  shift  is  etjusl  375  Hs  on  3  cm  waveband  and  1400  Hs 
ba  8  mm  wBvebaad  for  the  height  1  m  above  the  Burfsce,  and  while  To  =  tO  ^  oo 
the  1  m  h^ht.  The  values  estimated  are  enough  wefl  agreed  with  the  experimental  ones. 
Tha  leal  expression  can  be  used  too  for  the  layer  mean  hsight  deriving,  whara  there  is 
the  spray  transferring  by  the  wind. 


(7<»A 


The  anrelation  function  of  the  scattered  dgnol  were  searched  in  the  terms  of  the 
"wandering  mhomogeneties"  theory  [4,5],  It  performed  to  present  the  power  spectrum 
the  scattered  signal  aa 


0{F)=j'EE}Q03lixfSdS=‘ 

— oo 

’  OO  to  • 

=  J  W{V)dV^  j  N^a^cos{2kVSl^S)cos2xfSdS  (9) 

— eo  _  — oD 

where  W{V)  -  Bcatterers  veloaty  projections  distribution.  Beaid^,  the  amphtude  of 
the  signal  is  a  function  of  the  drop  diameter,  i.e.  the  velocity  of  the  particle 


and  if  to  present 


it  is  possible  to  show,  that 


a?  =  c  tpiVi,) 


_y(y) 

~MV) 


Off)  pm  (jj) 

vlieie  7  K  i.e.  the  ip^rnm  in  tbe  pliMe  detector  oniput  is  stnular  to  the 

fe^  or  the  distrilHitiaB  of  the  scsiterers  veiodijr  piojectbaB  on  the  observation  direction. 
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ABSTRACT 

A  new  e*fTective  numericalTanalytical  'method  o*f  analysis  o*f 
cylindrical  structures  with  arbitrary  cross’-'section  is  presented. 
The  method  is  based  on  an  inversion  of  the  main  singular  part  of 
operator  equation.  It  is  reached  fay  using  in  Galerkin  method  the 
basis  functions  being  the  eigenfunctions  of  the  baundary  value 
problem  for  the  electromagnetic  wave  diffraction  by  a  circular 
cylinder.  The  method  was  used  to  investigate  diffraction  by 
inhomogeneous  dielectric  bodies,  to  treat  discontinuities  i^  4 
waveguide,  to  analyze  waveguides  and  strip  lines  with  a  complex 
■cross-sections.  '  ■  • 


liHROIMiGTIOM 

The  semi-inversion  method  (SIM)  is  pne  of  the  most  effective 
numerical-ahalytical  methods  for  solving  boundary  value  problems  of 
microwave  electrodynamics  (see  C 1 3,1 23  and  their  ref erences) . The 
mefhod  is  based  on  an  inversion  of  the  main  singular  part  ^of 
operator  equation.  As  a  result  operator  equation  of  the  fir^  kind 
is  transformed  to  equation  of  the  second  kind.  The  various  ways  to 
invert  the  singular  part  of  the  operator  are  known. 

In  most  cases '  the  inverted  operator  in  the  SIM  describes  key 
structure  for  which  the  solutioh  of  the  boundary  problem  exists  in 
the  closed  form  Cdif fraction  by  semi-infinite  screens,  electrostatic 
field  of  a  metallic  strip  or  a  slot  in  metallic  screen,  etc.). 
ThBrefore,  the  SIM  application  can  be  started  with  searching  for  a 

key  structure-  ^  ^  ^  ^  ^  ^  . 

To  solve  the  boundary  problem  for  cylindrical  structures  wxtn 

ati  arbitrary  cross-section  it  is  suggested  to,  use  the  solution  o-f 
the  boundary  probletn  for  circular  cylinder  of  radius  a  as  the 
problem  which  is  known  to  have  a  salution  in  the  closed  form  both 
for  Static  and  electromagnetic  fields.  '  '  . 

In  present  paper  the  use  is  made  of  that  the  functions  cost jta  , 
sinCJt^  are  the  eigenfunctions  of  integral  operators  with  kernels: 

G^Ct.  tO=- <2 

6*^Ct ,  tO=  ^Xo|e£n [  w‘*‘C2^4o|ein  <3 


0  Cr,  t  rT'O  *=  - 


kjcr/^ 


k  ^  is  wavenuinber , 


—  are  Hankel  functions. 


*+jr*r-2rr *  cosC  t-t *  > 


This  is  the  cansequence  of  well— known  formulas: 


«inCmt> 


G^C  t .  t  •  3d’.t— 


J  C  fcoi  W 

tn  I 


{cp«Cmt  *  >Y 
sinCmt  *>  J 
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ic^C«.OY  ^  ^  _  frit  .  :  d 

.(ncxjf  V-'  ^■'■--5-'"-ans5 


>c*^] {“;:'“‘:5}  .7> 


r'D»  r:Sr' 

^  "'  .  ‘  <e) 

rm  sBm^ii^iksxoH  method 
(quasi-TEM  solution)  lines  with 
cpr^iuCtors  of  complex  cross--sections,  and  for  electromagnetic  wave 
diffraction  by  the  metallic  cylindricai  structures  an  the  case  of 

.^polarization  >^^-0 ,  the  axis  0&  is  parallel  to  the 

cyl indr leal  generating  lineX  the  following  equation  was  solved  s 

f/Cx^OCxvxr^^^^  (9J 

where  L.  xs^^^t^  of  conductor's  cross-section ,  ^  is  known 

excitation  function  ,  /  is  unknown  function,  <3  is  the  Greenes 
function*  This  function  has  logarithmic  sangularity  as  v  - — ►x*  *y*  j 

simple  cOTnected  closed  curve*  Then 

let ^.s  write  the  equation  of  1  in  parametric  form sx=xC  •  v-yC  tD 
The  equation  (9)  is  transforming  into:  • 

»fZ 

J  7^t>ixt.t-><at-  gtt' )  ostrssfi,  dO) 

Mhere  "T^  t>B/*CO;  ^ 

Lett's  pr-ssent  the  equation  (10)  in  the  ■form: 

:  "■.  ‘  ■  -  ^  •  MfZ 

/7£oec£d*>dt=f7ea6‘'c  (id 

^  ^  ^ 

The  expression  of  C  C  t  ,  t  '>  is  given  by  eKpr-essionsd)  or  (2) 

or  (3)^  The  Tunctaon  <S-(3“  will  not  have  a  sihgularity.  We  search  f=or 
the  solution  of  (11)  in  the  form: 

_  it, 

/CO-  2  X*  eosC/t>  +  2  x!  *j;nC/0  (12) 

,  s“^stitute  (12)  into  Cll)  using  expressions  either  (5) 

e«>sC>t5,  «iy»C>t>  orthogonality.  As  a  result  the  infinite 
set  of  lanear  algebraic  equations (SLAE)  of  the  second  kind  is 
obtained* 

The  matrix  elements  of  SLAE  are.  fepresented  by  double  integrals 
of  the  smooth  function  GC  t .  t  •>-C*'c  t .  t  *>  ,  and  can  be  easily 
approximated  by  one— point . rectanguiar  rule  humerical  quadrature. 

,  ■formulas  (1)  and  (5)  were  used  for  strip  and  microstrip 

lines.  The  formulas  (2)  and  (6)  were  used  for  metallic  cylindrical 
structures  in  rectangular  waveguide. 

^°r  “"f  electromagnetic  wave  diffraction  by  the 

cylindrical  structures  in  the  case  of  M'^polarization  W  ,  £  sso  ) 

the  folloMing  equation  Mas  solved: 
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CXftX*  *y.y*^. 


X®  ♦  y*  teL 


where  is  component  ot  incident  “field,  J^  is  transversal  component 

of  electric  current  density,  "n  ~  is  a  unit  vector  normal  to 
cylinder  surface^  This  equation  was  solved  using  the  scheme  of 
solving  the  equation  <9>  and  formulas  (3)  and  <7> . 

In  order  to  solve  the  two-dimensional  problem  of  E-polarized 
electromagnet ic  wave  diffraction  by  dielectric  body  with  arbitrary 
cross-“section  S  and  permittivity  i?^Cx,y>  we  use  an  integral  equation 

rcx' =  £*®Cxr*y'0  *♦*  JrCx,  y3  •  Kx, y>  - <5Cx, y *xV,  yO  M3) 

where  £■  is  unknown  field  inside  the  foodvs 

TCx*y5  «  - 1.  . 


GCx^y^x*  *  y'  ^  y'  5  —  Sreen  function. 

The  body  is  situated  in  free  space  with  permittivity  . 

After  :t ran sformati'pn -  of  coordinatess  •  ,  ' 

X  -  XCr*  r:> .  y  =  ;  0^t<an*  0<r<l ;  C14) 

and  eKtraction  of  the  integral  equation  kernel  singularity  instead 
the  equatiDTi  (13)  we  haves 

•  pQ^*  t*'^  ^  "S-fl  . 

ril^'  .  >  •  J^Cr^  >  XX  t » T*  *  ^ 


J  : J  'Hlr*  t> ;  t  e  ^ 


iS^Cr *  1  r  r*  o  £  3  - 


wherei3^Cr>  £,r-  Vt':>  is  given  by  <4)j 

JCTnty  is  Jacobian  of  coordinates  transformation  (14)« 

The  equation  T1 5)  is  solved  as  desGrifoed  above  with  using  <8> ^ 
But  in  this  case  Xj,  )C  are  functiDns  of  r»  Using  the  numerical 

integrating  procedure  to  calculate  radius  integrals  we  obtain  the  set 
of  linear  algebraic  equations  of  order ,  where  W  is  number  of 

basis  functions^  A/  is  number  of  nodes  over  the  radius  in  the 
numerical  quadrature. 

The  method  was  used  by  us  to  analyze  the  variety  of  microwave 
structures.  The  following  computational  results  were  obtainads 

-  wave  iTnpedances  and  delay  ratio  values  of  fundamental  mode  .  in 
strip  and  microstrip  (quasi—TEM  solution)  lines,  the  inner  conductors 
of  which  have  the  circularp  elliptical,  rectangular  with  the  rounded 
edges  ccntour. 

-cutoff  wavelengths  of  elliptical  metallic  waveguide 

-  scattering  matrix  of  perfectly  conducting  and  impedance  posts 
placed  across  the  rectangular  guide  parallel  to  the  narrow  wall;  the 
shape  of  postsf  cross— section  is  elliptical  aha  crass^shaped 

-  effective  scattering  width  of  inhomogeneous  dielectric 
cylinder  with  eilipticai  cross-section  . 

The  computational  results*  shown  the  inner  convergence  of  method 
are  presented  in  Tables  1—4. In  the  Tables:  M  is  the  number  of  terms 
in  series  The  Table  1  shows  the  values  of  magnitude  R  and  phase 

f>  of  reflection  coef f icient  of  the  metallic  elliptic  post  in  a 
rectangular  waveguide  with  parameters  iXoi*  -0.  3  |  t* ya.*  *=0. 1  ;  X/«t*  =^1.  4; 

rom.;  conductivity  o'=C.  1  *10  Sm/m,  free  space  wavelength  X ,  I  and 


are  axes  of  ellipse,  t is  perpendicular  to  the  waveguide,  width  of 
the  wide  wall  is  ,  the  post  is  placed  in  the  middle  of  waveguide. 
Talile  2  presents  the  values  of  wave  impedance  of  a  single  strip  line 
with  rectangular  conductor  with  rounded-off  edges^_ with  dimensions 

«iXb=0.  a*  r/hi=0. 1 ;  i  ,  where  and  c  are  height  and  width  of 

rectangular,  r  is  the  rounded-off  radius,  6  is  distance  between 

gi^ounded  planes  •  Table.  1 


1 3.106^3 13.  ie6Sa  [  3.  a033Q  |3.  a0347  )3.  aQ347  |  3,  3 

■  Table.i2' 


155^  664 164  ,  t5gS1^4  .  S7 

Tables  3,  4  show  can ver gene e  o'f  effective  scattering  width  W  for 
two  cases:  1.  the  ttlelectric  cylinder  of  elliptical  cro^-^section 

with  /I  «0.5,  4a  «3Cr^  2.  the  cylinder  with  I  *  /l«0.  5, 

«-30,  £X /I  =12,  t>=C  aCl -r 

The  results  of  the  convergence  with  increasing  //  are  presented 
in  the  table  3  for  table  4  shows  the  data  for  the 

convergence  with  respect  to  //  for  W=10. 

Table  .3’ '  Tablg  4  ■ 


e.asior4 
6.  2Sa04 
6.  2531 1 


ft  .  Di  O&e 
e.  008«51 
6.  00708 
6.  00747 


0^3504 

5. Q©2Q3 

v4  ■■ 

TS,  252Q1 

6. 0080 

5 

ft  .  25204 

6.00^88 

6 

ft, 25203 

6.  01044 

7 

6.2S303 

6.  QiOi  a 

It  is  shown  in  this  work  that  the  method  has  many  advantages, 
such  as  fast  inner  convergence,  high  accuracy,  universality  <it^ 
it  possible  to  solve  effectively  the  problems  of  electrostatics  and 
electrodynamics,  the  vector  boundary  problems,  moreover,  there  is 
possibility  to  generaliHe  the  method  for  solying  the 
tnree‘-dimensional  boundary  problems)  . 

Thus  the  above  method  elaborated  and  demonstrated  by  us  is  an 
effective  means  of  analysis  of  a  vast  class,  of  microwave  structures 
with  the  arbitrary  cross-section. 

1,  V.P.  Shestopalov,  A- A'.  Kirilenkb,  Masaldv,  MatriK 
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Z.  LwP.  Litvinenko,  S.L.  Pros v^rn in,  Spectral  Ope^^^^  for 

Problem  of  Diffraction  by  Screens.  Kiev:  Naukbva  Dumka,  1984  (xn 
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EXPERT  SYSTEM  FOR  RADAR  IMAGE  RECOGNITION  /  FILTERING 
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Kharkov  Aviadon  Institute,  Chkfdova  Str.,  17, 310070. 
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Absteect.  The  ^proarch  to  ac^ptive  filtering  Based  on  pixel  type 

recognition  is  proposed.  The  e)q}eit  system  using  locd  statistical  parani^d’  anatysis 
in  the  scaiming  window  for  proper  filtering  dgorithm  selectirm  and  remote 
sensing  Ma  interpreting  is  described. 


INTRODDGTION 


of  Motive  robust  iniage  filtering  include  the  elements  of  sca^^  window 
Gential  pixel  neighborhood  analysis  having  the  aim  to  determine  its  probehle 
belonging  to  seyeial  clsss^s  of  fiagmente  71/,  i  e.  reshring  p 
recognstion.  That  is  Wity  hme  we  propose  a  new  q)proach  whidb.  puts  into  the 
basis  the  use  of  03^^  fuzty  logic  for  estimation  of  crniect 

re(x>gnition  probEhility  and  mald^  t^  dedsion.  The  results  of  (^>eratioa 

can  be  used  for  both  localty  optm  filhning  a^oritimi  selection  enhmcing 
radm  iinage  segmratation  and  data  interpreting 

ha  this  p^er  we  sequel^  discuss  loc^  parameters  \#ach  am  mia^^ 
classes  of  firagments,  pesetU  the  techniques  of  system the 
backgromid  of  filter  type  selection  depending  iq>(m  recopi^  diow  tibe 

efifidency  of  fuoposed  ^proach  f^^  test  modd  and  red  dota^  estimate  tiie 


IKvIIiRbi  if  i  iwfSiTwS  i  2 1  ♦< 


RlCXKSmilON  PR€K^ 

For  recognition  executing  the  several  Icted  scaniting  window  ^istkd 
parameters  have  to  be  cdculMed.  The  authors  anatyzed  many  Toed  yduisi^  i^ 
propose  here  ones  which  cm  be  considered  to  be  the  mod  informarive.  So  let  us 
assume  that  the  sGaniimg  window  dimensions  are  chosen  and  equd  to 
image  pixeb  -  it  must  contam  at  least  10-15  independent  image  elemmts  taking  i^ 
account  the  correlation  between  neighbor  pixels.  The  locd  parameters  are  the 
following:  . 

a)  ratio  (T^  /cr^,  where  is  the  relative  (normalized  by  7  ^)  locd  variance. 
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-  speckle  (multiplicsdye  noise)  reMve  vsiiancc,  ~I  ^  local  mesa  valnr, 

b)  quasiisngc  - (/J  -/^y7/y  where  /J  and  /J  denote /^^th  and  ^th 
scffliKmgvrfndow  staple  ordc?r  statistic?, 

c) r,w*  =  l  /(,-  /'^|//y  cr<j,  where  isthsmedisavalueofthe  sempliag; 

d)  the  eoefScient  of  neigliborhood  helon^g  i,  which  is  equal  to  the  ratio  NiJN, 
where  AJ,  is  the  nnmber  of  image  vdnos  bslongjug  to  the  area  [7y  (l-2£ro); 
4{l+2oi*)]; 

e)  the  coefficirail  of  pixel  rank  position  z  —  \  Jy  -  ^  j/A^  where  l^j  is  the  rank 

number  of  the  central  scanning  window  value  in  the  ordered  sampling  formed  by 
pixels  of  its  ^erturc;  •  _  _ 

f)  the  non-symmetry  coefScient  5;,  =  I /^+ /J  -  2  / ^  |/ /  (^ . 

Evident  these  parameters  are  sensitive  to  oifferent  situations  (loed  distribution 
laws)but  no  one  of  them  being  used  sepaistefy  can  not  distinctty  recognke  different 
figment  types.  For  instance,  large  er  j  /cr^  vduc  correspond  to  edges,  small- 

dimension  objects  and  impulse  noise  presense  in  the  scanning  window  fqieiture. 
Onfy  their  common  using  and  knowledge  of  their  specific  properties  ensures  the 
perfed  solution  of  recognition  problem. 

The  situations  which  are  the  most  typical  and  important  for  image  processing 
ere  the  following:  1)  the  homogeneous  lot  (laige-dimension  "flat"  object;  2)  central 
pixel  edge  belonging;  3)  spike  noise  presense  in  the  scanning  window  bid  the 
central  position  pixel  is  not  a  ^ike;  4)  central  position  value  corresponds  to  impulse 
noise  (spike);  5)  small-dimension  object  presense  in  the  window  and  central  pixd 
belonging  to  it;  6)  the  neighbourhood  of  smaU-dimrasion  objects  whwa  central  pixel  ‘ 
does  not  belong  to  it.  Several  situations  can  not  be  distinctty  interpreted,  for 
example,  when  ^eiture  contains  the  small  part  (sharp  edge)  of  large  dimension 
object  the  solution  variants  3  sad  6  arc  reasonable.  To  the  word,  the  difficu%  of 
these  situatioiis  recognition  is  not  important  because  for  both  cases  the  same 
filtering  algorithms  occur  to  be  efficient.  Moreover  from  recognition  procedure 
point  of  view  onty  ■vuriaats  1,  2,  4  and  5  are  important,  other  situations  must  be 
td:en  into  account  maihty  during  filtering  and  for  spikes  removaL 

Using  test  image  models  and  easity  recognizable  fiiagmente  of  red  data- 
characterized  ly  the  variety  of  object  contrasts,  dimensions  and  configurations  and 
having  different  noise  and  spikes  properties  the  dependences  of  controlled 
parameter  distribution  laws  on  possible  situadons  were  obtained.  Taking  into 
consideration  ejqieit  knowledge  they  were  extr^olated  end  corrected  for  ime^e  and 
noise  properties  not  scoped  by  simulation  data. 

Aficr  this  for  every  pixel  the  prob^ility  of  hs  relying  to  iw-th  situation 
mentioned  above  was  calculated.  The  probability  of  the  event  that  the  correct 
solution  Py,  nF=  1,6  is  the  largest  varied  firom  0.8  to  1.0  depending  upon  image  and 
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'  noise  characteristics.  For  cveiy  pixel  we  controlled  not  onfy  the  laigest  vahte. 
bnt  sdso  the  second  laj]g,e  one.  The  probability  that  the  correct  recognition  solution 
has  one  among  two  largest  values  is  even  greater  and Ajsuaify  exceeds  0.9. 


ADAPTIVE  FILTERING 

For  every  pair  of  the  most  probable  situations  the  filtering  algorithm  was 
proposed.  It  must  be  chosen  according  to  the  Table  firom  the  set  of  following 
scanning  window  image  processing  dgorithms:  1)  modified  rank  filter  supposing 
cenzorednon-weighted  data  averaging  tit,  2)  median  one  realizing  the  calculation  of 
JV4-J 

2  -th  order  statistic'  of  the  pixeb  value  sampling;  3)  modified  sigma-filter  fit 

fulfilling  the  averaging  of  scanning  window  image  value  belonging  to  the  2<r<>  - 
neighborhood  of  /^-pixd  value.  This  algorithms  differ  greatfy  by  flieir  main 
properties  -  the  ability  to  suppress  noise,  to  eliminate  spikes,  to  preserve  edges  and 
small-dimensibn  objects.  Besides  all  these  filters  are  characterized  by  high 
computation  efficiency,  i.e.  fliey  need  mioimal  time  expenses  for  their  executing,  axe 
enou^  simple,  there  exist  the  special  digitd  processors  for  fast  realization  of  these 
algorithms.  We  carried  out  a  thorough  investigatiGn  of  wide  range  of  various 
filtering  algorithms  and  concluded  that  the  selection  of  these  three  ones  is  the  most 
expedient,  especially  taking  into  account  that  during  preliimnaiy  cdculadon  of 
considered  parameters  the  values  7^^,  1^,1”^^  sdA  the  neighborhood 
/^{l+2oii)]  have  to  be  derived.  As  the  filtered  value  for  modified  rank  algnrithin 
the  value  (/^  +/J)/2  can  be  accepted. 


Table 


Situation  having 
th9  lai^st 
^iJ  - 

homogen. 

lot 

(flatobj.) 

central 
pixel  edge 
belonging 

spike  pre¬ 
sence  in 
fee  window 

spike  in 
the  centr. 
pixel 

central  pixel 
belong,  to 
am.-dimobj 

the  nei^ 
bork  ofsnL 
niim.  obj. 

■ 

homogen.  lot 

mod.rank 

mod-fEnk 

mod-rank 

sigma 

median 

central  pix.  edge 
belonging 

mod.rank 

sigma 

median 

median 

sigma 

sigma 

spike  presence  in 
the  window 

meefian 

me(£an 

median 

sigma 

mecEan 

spike  in  the 
centra)  pixel 

median 

median 

median 

median 

sigma 

meefian 

cen.  pix.  bel  to 
sm.--dini.  object 

sigma 

sigma 

sigma 

sigm& 

sigma 

dgma 

median 

sigma 

median 

median 

sigim 

sigima* 
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elCTpents  of  the  Table  coiiespond  to  pixeb  for  'winch  the  largest  Py 

is  much  greater  thaa  flic  second  one.  i.  -j  j 

The  investigation  has  shown  that  the  proposed  fStering  dgorifluns  provided 
better  results  than  m  o&cr  one  both  according  to  quantitative  im^e  quality  integral 
and/or  locd  criteria  and  to  visual  impression,  especiedfy  when  the  unagre  contain  the 
variety  of  objects.  It  was  proved  for  test  and  real  data  When  usual  computer  means 
are  used  the  main  part  of  processing  time  is  needed  for  local  paraine^  calcul^on. 
The  way  for  its  reducing  is  the  realization  of  parallel  computations  using  specialized 
processors. 

CONCLUSION 

The  new  ^proSch  to  radar  image  filtering  and  the  first  stage  d^  recognition 
based  on  ejqieit  system  using  is  proposed.  The  problems  of  algorithm  practical 
realization  are  discussed.  The  considered  approach  can  be  usefiil  both  for  visud 
image  quality  enhancement  and  the  reliability  increasing  of  segmenMon  procedure. 
Besides  it  can  serve  as  the  basis  for  farther  recogr^oa  of  flat  objert  typra,  their 
paramet^  estimatipn,  spike  noise  removal,  small-dimension  object  detection  and 

localizaticMi,  multichannel  radar  image  superimposing  etc. 
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Abstract 

The  concept  of  a  linear  radar  baclcscattcr  operator  entails  internal  mathemat¬ 
ical  inconsistencies.  The  pTcscnt  contribution  tries  to  point  out  the  prevailing 
shortcomings  and  misconceptions  and  to  provide  a  satisfactory  solution  by  in- 
troducing  the  concept  of  an  antilinearbackscattcT  operator. 

Introduction 

Vector  scattering  theory  that  makes  full  use  of  the  transverse  nature  of  the 
electromagnetic  radiation  field  becomes  increasingly  more  important  for  a  vari¬ 
ety  of  scientific  problems  lake  inverse  scattering  theory,  three-dimensional  recon¬ 
struction,  vector  diffraction  tomography  or  remote  sensing  with  real  or  synthetic 
aperture  radars. 

In  radar  polarimctry,  the  merging  of  the  technological  concept  of  radar  (ra¬ 
dio  detection  end  ranging^  and  the  fundamental  concept  of  polarimetry,  the 
backscattcr  operator  determines  the  far  field  backscatter  characteristics  of  a  de¬ 
terministic  or  random  target  illuminated  by  an  incident  (plane)  electromagnetic 
wave.  For  a  deterministic  target  it  is  traditionally  considered  , to  be  a  linear 
operator  represented  by  the  complex  symmetric  2  x  2  Sinclair  (radar  scattering) 
matrix  5  in  a  common  polarization  basis.  Symmetry  is  due  to  reciprocity  for 
backscattcring. 

For  a  stationary  and  crgodic  random  target  the  Sinclair  matrix  S  is  a  ran¬ 
dom  variable.  Assuming  that  the  random  target  can  be  modelled  as  a  Gaussian 
random  field  (with  only  slowly  varying  mean  characlerislics)  the  backscatter 
process  can  be  described  cornpletcly  by  the  Mueller  or  Kcnnangh  matrix  com¬ 
posed  by  averaging  second  order  moments  of  the  Sinclair  matrices  5.  This 
requires  the  introduction  of  the  Stokes  vector  concept. 

Due  to  a  medley  of  mathematical  and  hcuristlG  reasonings  the  concept  of 
a  linear  backscattcr  operator  entails  internal  mathematical  inconsistencies  if 
proper  care  is  not  taken.  The  appearance  of  seemingly  unrelated  new  concepts 
like  Kennaugh’s  pseudo  eigenvalue  equation  [l3j  {concigenvector  equation),  the 
unitary  T-congruence  (consimilarity)  change  of  basis  (l/^ St/),  the  distlnctioii 


233 


between  voltage  and  operator  transformntions  under  basis  changes  fl4],  the 
difTercncc  between  the  conventionally  defined  Kcnnangh  and  Mueller  matrlcei 
[5j,  the  proper  formulation  and  transformation  behavior  of  the  bilinear  voltage 
(power  transfer)  equation  end  the  undiscriminated  use  of  different  coordinate 
systems  (forward  scattering  alignment  FSA  versus  backward  scattering  align¬ 
ment  BS  A  convention)  arc  examples  for  the  unsatisfactory  and  even  confusing 
present  statc-of-art  of  the  theoretical  basis  of  radar  back  scattering  theory. 

The  difRculties  arise  mainly  due  to  the  fact  that  the  incoming  and  out- 
wave  polarisation  spaces  (spin  spaces)  arc  not  properly  identified 
and  clearly  distinguished.  The  utilization  of difTc rent  coordinate  systems  (FSA, 
BSA)  docs  not  eliminate  these  difficulties  and  Inconsistencies  but  tends  to  in¬ 
crease  the  prevailing  confusion.  The  classical  backscatter  operator  4^^  with  the 
Sinclair  radar  backseat  ter  matrix  5  as  its  matrix  Tcprcsentation  in  a  common  2- 
dimensionEi}  polanzation  basis  maps  the  incoming  plane  wave  polarization  space 
7^^,  the  domain  of  <5,  onto  the  outgoing  plane  wave  polarization  space  the 
range  of  5.  Both  spaces  arc  different  but  anti-isomorphic.  The  bijccticc  map¬ 
ping  of  7^^  onto  7^_  or  vice  versa  is  accomplished  by  the  nonlinear  conjugation 
operator  K  which  is  realized  in  the  2-dimcnsional  complex  column  vector  space 
as  the  complex  conjugation  operation  K  {K  takes  the  eomplex  conjugate  of  all 
entries  to  its  right). 

An  alternative  mathematical  description  is  proyided  by  introducing  a  gener¬ 
alized  backscatter  operator  Sp,  that  combines  the  linear  mapping  of  the  Sinclair 
operator  ^  and  the  nomine ar  operator  X  and  maps  each  one  of  the  polarization 
ipaces  or  7^_  onto  itself.  By  constractlon  this  is  a  antllinear  operator  that  is 
Hermitian  if  5  is  symmetric.  The  realization  of  this  operator  in  an  orthonormal 
polarization  basis  common  to  the  range  and  the  domain  of  has  the  form  of 
an  antimatrix  ir5  for  or  SK  for  i  In  this  formulation  (i)  the  change  of 
basis  is  effected  by  a  uni tary  similarity  transformation  for  5  (or  5/f),  imply¬ 
ing  a  consimilarity  transformation  (unitary  T-cpngruencc)  for  the  matrix  part 
S  of  Sp\  (ii)  Kcnnaugh’s  pseudoeigenvaluc  equation  appears  to  be  the  eigen¬ 
value  equation  of  an  antilincar  operator;  (lii)  the  differenee  between  voltage  and 
operator  transformation  disappears;  and  (iv)  the  definitions  of  the  Kcnnaugli 
and  the  Mueller  matrix  can  be  reconciled  if  the  corresponding  Stokes  vector 
propagation  spaces  and  representations  arc  properly  introduced.  Furthermore, 
(V)  the  basis  transformation  of  the  voltage  equation  in  its  bilinear  form  can 
be  properly  formulated  and  its  representation  as  a  Hermitian  scalar  product  in 
7^4  (or  T’^)  be  derived.  The  square  of  the  antilincar  scattering  operator 
the  simplest  linear  operator  that  can  be  formed  with  is  represented  by  the 
Graves  power  density  matrix  (7  =  5^5  (or  G  =  55^). 

Optimal  polarizations  in  radar  backseat tcring  arc  by  definition  those  states 
of  polarization  of  an  incident  plane  elcctromagnetiG  waves  that  maximize  or  min- 

^ Capital  cftlligraphic  letters  ace  used  for  abstract  operators  whereas  their  realiBaitons  (rep¬ 
resentations)  are  denoted  by  the  same  capital  latin  letter 
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iinizc  the  rcGcivcd  co-  and  cross-polar  power.  For  a  deterministic  target  with  a 
complex- valued  symmetric  Sinclair  matrix  S  co-pol  maxima  and  cross-pol  nulls 
coincide  and  are  given  by  the  so-called  coneigcnvcctors  of  S.  Together  with  the 
co-polar  nulls  they  form  the  well-known  Huynen  fork  on  the  Poincare  sphere. 
The  deeper  reasons  behind  these  polarimetric  manifestations  arc  intriguing  ma¬ 
trix  analytical  properties:  diagonalization  of  a  complex  symmctrix  matrix  by 
unitary  consimilarity  and  off-diagonalization  by  T-congruencc.  These  properties 
are  direct  consequences  of  the  antilincar  nature  of  the  backscattcr  operator. 

Li  the  Stokes  vector  formulation  the  Mueller  and  Kennaugh  matrices  can 
be  shown  to  agree  if  proper  care  is  taken  of  the  domain  and  range  of  these 
matrices.  For  a  deterministic  target  the  Mueller  -Kennaugh  matrix  is  (up  to  a 
constant)  a  proper  Lore ntz  transformation.  Optimal  polarizations  have  impor¬ 
tant  applications  in  target  detection,  identification  and  discrimination  as  well 
as  in  target/cluttcr  separation  problems. 

Phase  Conjugation 

The  3-dimcnsional  real  physical  Euclidean  space  is  endowed  with  a  right- 
handed  orthonormal  basis  Z?  rz  {£,  y,  z}  at  the  common  transmitting  and  receiv¬ 
ing  antenna  site,  with  the  z-^direction  pointing  towards  the  target.  This  is  the 
so-called  backscattcr  alignment  convention  BSA.  The  origin  of  the  coordinate 
system  is  assumed  to  lie  inside  the  target. 

The  transverse  character  of  a  plane  wave  propagating  cither  along  the  posi¬ 
tive  direction  of  the  z-axis,  denoted  in  the  following  as  I4.,  or  along  the  negative 
z-direction,  denoted  as  implies  that  their  electric  field  vectors  lie  in  the 
subspace  72.^  =  span{i,y).  The  complexification  of  7?^  leads  to  the  following 
expression  for  a  general  plane  wave  propagating  in  the  positive  z-direction 

=  S,cxp[j{wt  -  kz}]cxp{jut}  (1) 

and  in  the  negative  z-dircctlon 

f)  =  ^_cxp[j{wt -f  Aiz}).  (2) 

The  assumed  harmonic  time  variation  cxp{jcot}  for  all  field  quantities  will  be 
suppressed  whenever  convenient. 

The  z-  and  t-independent  complex  amplitudes  ^4  and  belong  to  the 
incoming  and  outgoing  polarization  spaces  and  These  different  spaces 
must  be  clearly  identified  and  distinguished.  The  latter  correspond  to  the  undot¬ 
ted  and  dotted  2-spmor  spaces  used  by  Bebbington  [2]  in  his  recent  innovative 
studies  of  polarimctry. 

Following  the  IEEE  convention  (12)  that  there  exists  a  bijectivc  (onc-to-onc 
and  onto)  phase  conjugation  mapping  between  the  vector  spaces  7’,.  and  P.: 

S.  :=  K]§^  and  i,  := /fj5.  (3) 
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(:=  means  dcfincJ/ly)  wliere  K  is  tKc  complex  coiynsation  operator  sncTi  tl\at 
the  vectors  and  possess  the  ssme  polarmation: 

Polorj5!ation(J?_)  =  Polarization(5^)  I  I  ('*) 

In  this  context  see  also  [16]  and  [15), 

The  operator  K  is  involntory,  i.c.  K.^  —  T  (identity).  Since  K  is  &  nonlinear 
operator  it  cannot  be  represented  by  a  matrix.  ' 

This  behavior  is  related  to  the  time  reversal  operation  in  .spin  spaces. 

The  total  polarization  space  P  can  be  written  as 

P  =  X)  (5) 

■  s 

The  usual  convention  is  that 

Polarbstion  i7’+(fc)|  indepen^  (®) 

where  ib  is  measured  in  a  conventional  spherical  coordinate  systein 
This  implies,  however,  that  P_(fc)  This  is  the  rcBson  for  putting 

P^.(fc)  and  P_  (fc)  side  by  side  in  equation  (5)  since  both  are  endowed  with  the 
same  othonormal  basis  (BSA  conventiGn)  and  satisfy  the  relation 

P.(h)=rJCP4h).  (7) 

in  the  sense  of  equation  (4). 

Radar  &  Voltage  Equation 

The  [normalized)  radar  equation  reads 

El  =  sil  (8) 

where  the  superscripts  ’i’  and  ’s’  denote  ’ineident’  and  'scattered’  wave,  respec¬ 

tively.  Here  €  P+  and  S'  €  V.  and  P,.  is  the  domain  and  P.  is  the  range 
of  the  linear  backscattcr  operator  S.  For  rcciprocai  targets  the  corresponding 
Sinclair  backseat  ter  matrix  S  is  complex  symmetric.  Lv  the  literature  the  prop¬ 
agation  indices  [.,.  and  |.  are  almost  always  omitted.  A  notable  exception  Is  the 
fundamental  paper  by  Graves  [4].  This  omission  and  the  resulting  ambiguity 
leads  to  considerable  confusion  when  going  over  to  other  polarization  bases. 

The  standard  radar  equation  (8)hBS  the  disadvantage  that  the  domain  and 
the  range  of  the  matrix  S  belong  to  the  different  linear  vector  spaces  P ,  and  P _ . 
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Referring  not  only  to  a  common  basis  but  more  importantly  also  to  a  common 

linear  vector  space,  say,  the  radar  equation  can  be  written  as 

S’  -  =  KSSi  (9) 

Tbe  term  KS  on  tbc  right  hand  side  is  the  realization  of  the  antilincar  backscal- 
tcr  operator  [6] 

S.=^K.S  (10) 

where  S  is  the  matrix  representation  of  S  in  the  appropriate  basis  of  C*  and  K 
denotes  complex  conjugation. 

In  abstract  operator  notation  the  radar  equation  (9)  can  now  be  written  as 

£l=S^fi  (11) 

Here  the  incident  as  well  as  the  scattered  field  belong  to  one  and  the  same 
polarization  Space 

The  matrix  part  S  of  tKc  antilincar  operator  is  called  an.  antimatrix  [7]. 
Hence,  it  is  more  precise  to  call  S  the  Sinclair  scatter  antimatrix.  Symmetry  of 
the  antimatrix  S  implies  Hcrmiticity  of  and  vice  versa. 

It  should  be  stressed  that  the  correct  formulation  of  the  radar  equation  is 
not  in  any  fundamental  way  related  to  the  choice  of  the  backward  or  forward 
scattering  alignment  convention  BSA  or  FSA.  The  passage  from  BSA  to  FSA  or 
vice  versa  is  simply  affected  by  multiplying  the  corresponding  vectors  with  the 
diagonal  matrix  diag[l,  -l].  This  transition  matrix  docs  not  establisb,  however, 
a  connection  between  polarization  states  in  the  physically  different  linear  vector 
spaces  and  “P.. ,  but  cf.  [5|. 

The  voltage  (energy  transfer)  equation  is  conventionally  written  in  the  ap¬ 


parently  bilinear  form 

v  =  h.e-s{Kj-)  =  hie.  (12) 

where  is  the  receiving  antenna  polarization  (height)  and  S.  is  the  backscat- 
tered  field.  The  common  practice  to  delete  the  propagation  indices  again  may 
lead  to  confusion.  Use  of  cq.  (3)  yields  the  expression 

V  =  {h^,S.)  =  {h^,Sl)  =  Elh,  =<  h,,S,  >  (13) 

involving  directional  Jones  vectors  from  the  same  polarization  space.  Here  the 

brackets  <>  indicate  the  usual  unitary  HermHian  scalar  product  <  x,y  >=y’®. 

A  general  change  of  polarization  basis 

{A  non  singular)  (14) 

leads  according  to  eq.  (3)  to 

(15) 
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and  similarily  for  all  polarizotion  vectors  in  end 

Hcnccj  from  any  form  of  tKc  radar  equation  or  the  voltage  equation  follows 
consistently 

5  -»  5' =  .4-^‘*5i4  (16) 

i.c.  the  Sinclair  (anti)mBtrix  S  transforms  hy  consirailarity  (see  [9])  and  not  by 
similarity.  If  A  is  unitary  then 

S  s  '  =  U'^SU  (17) 

and  unitary  consimilarity  and  unitary  ^congruence  coincide.  In  this  ease  sym- 
metry  of  S  is  conserved.  Consimilaxity  has  been  investigated  extensively  by  R. 
Horn  and  Yoo  Pyo  Hong  [8]  during  the  last  ten  years  and  significant  differences 
with  respect  to  ordinary  similarity  have  been  pointed  out. 

Optimal  Polarizations 

Consimilarity  and  ^congruence  are  equivalence  relations  (reflexive,  symmet¬ 
ric,  transitive).  Thus  the  set  of  all  scattering  matrices  is  partitioned  into  disjoint 
equivalence  classes  which  each  describe  one  and  the  same  abstract  scattering 
operator  with  different  representations  for  all  possible  coordinate  systems  char¬ 
acterized  by  the  columns  of  the  corresponding  transition  matrix. 

The  equivalence  class  of  complex  symmetric  matrices  under  unitary  consim¬ 
ilarity  contains  as  canonical  matrices  diagonal  matrices  [l,  17,  8,  9] 

where  the  concigenvalues  Ai^2  can  be  taken  as  ivonnegativc  with  0  <  Aj  <  Aj. 
Writing  U  ==  \xi,x^]  this  equation  leads  to  the  concigcnvcGtor  equation 

Sxi=Xixl  (t  =  1,2).  (19) 

In  radar  polarimctry  this  equation  is  known  as  Kcnnaugh’s  pseudo  eigenvec¬ 
tor  equation  [13].  It  is  not  a  usual  eigenvalue  equation  due  to  the  complex 
conjugation  on  the  right  hand  side.  It  is,  however,  the  appropriate  eigen- 
value/eigcnvcctor  equation  for  the  nonlinear  backseat  ter  problem.  The  linear 
forward  (transmission)  problem  on  the  other  hand  is  dealt  with  by  the  familiBr 
eigenvalue  problem.  Symmetry  for  the  Sinclair  backscatter  antimatrix  corre¬ 
sponds  to  normality  of  the  Jones  transmission  matrix  as  far  as  the  correspond¬ 
ing  concigenvectors  and  eigenvectors  are  orthogonal.  The  applicability  and  re¬ 
striction  of  the  concigcnvcctor  equation  to  backscattering  and  of  the  common 
eigenvector  equation  to  forward  scattering  (transmis.sion)  is  unfortunately  still 
not  always  recognized  [lO]. 
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Any  phase  terms  in  cq.  (18)  resnUing  from  the  requirement  that  U  €  5172, 
i.c.  dct(U)  —  1,  can  be  restored  after  calculating  the  co-  and  crosspolar  optimal 
polarizations.  The  concigenvcctors  C{  (i  =  1,2)  arc  eigenvectors  of  the  Hermitian 
positive  semi-dchnite  linear  Graves  power  matrix  G  =  5V5  and  the  squares  of 
the  concigenvalucs  Aj  2  (the  squared  absolute  values  in  the  general  case)  are  the 
eigenvalues  of  G. 

On  the  other  hand  the  equivalence  class  of  the  complex  symmetric  matrix 
S  under  ^congruence  contains  all  symmetric  matrices  with  the  same  rank  as 
S  [9].  The  2x2  symmetric  Sinclair  matrix,  in  particular,  is  ^congruent  to  the 
backward  identity  matrix 

=  J  p  ).  det{>i),tO.  (20) 

Writing  A  =  [yiiy^J  with  dct(A)  =  1  this  equation  reads 

Svi  =  (ivt*  (*  =  1.2)  (21) 

where  is  orthogonal  to  v-  These  arc  the  Kennaugh-Huynen  copolar  null 
polarization  equations  (11).  In  the  concigcnvector  basis  these  vectors  assume 
the  form  _ 


—  ^  r 

y/Xi  +  Aa  L  , 


They  are  orthogonal  if  and  only  if  Ai  =  Aj. 

Unitary  matrices  that  produce  a  zero  in  the  1-1  element  of  S  under  consim- 
ilarity  can  be  found  as  Ui^2  =  [yi,2iy/;2l* 

The  most  important  optimal  polarizations  arc  the  extrema  of  the  copolar 
and  crosspolar  power  defined  by 

p,.w=iK.(p)i’  =  i(p.spr  («) 


^’.(P)=I^'.(P)I’  =  I(P^■SP)I’  (24) 

with  IIpII^  =  (p»p)  —  1*  Using  a  general  ansatz  for  p  it  follov/s  immediately  from 
the  prccccding  matrix  representations  that 


Purthcrmorc 


maxPco(p)  =:  Af 
nulLP,  (p)  =  0 


for  p  =  xi 


submaxPco(p)  =  ^2  \ 
nullP,(p)  =  0  J 


for  p  X2 


nulIPco(p)  for  p  =  yi,2 


Mid  .  1  r  1  1 

maiP,  =  i{Ai  +  for  p  =  ^  J  (28) 

in  the  concigcnvcctor  basis.  These  results  arc  in  agreement  with  the  literature  [3] 
and  lead  to  the  well-known  Huynen  fork  representation  on  the  Poincare  sphere 

[11,  3). 

,  The  result  about  the  copolar  nulls  expressed  in  eqs.  (21,22,23)  can  also  di¬ 
rectly  be  derived  in  the  follov/ing  way:  Denoting  the  square  root  of  the  diagonal 
matrix  on  the  right  hand  side  of  eq.  (18)  by  =  diag[%/^i  \/^]  the  matrix 

S  can  be  written  as 

5  =  with  B  =  (29) 

Vanishing  of  the  copolar  voltage  Vco  of  cq.  (23)  leads  to 

Vco  =  q^q  =  0  with  q  =  Bp  (30) 

This  expression  can  only  vanish  if  q  is  a  vector  of  the  form  (c  is  a  normalization 
constant) 


q  —  c  (isotropic  vector) 


Hence, 


p  =  B-\  =  UD-'^q  = 


\/Ai  ^2  [  d:j  \/A7  J 


This  agrees  with  cq.  (22)  in  the  concigenvcctor  basis  if  normalized  to  one. 
The  following  4-chenncl  conservation  of  energy  relation 

PM  +  p^P^)  +  2P,{p)  ^  xl  +  xl 


should  be  noted. 


Stokes  Vectors  fc:  Mueller  Matrix 

For  random  target  interrogation  and  partially  polarized  waves  it  is  necessary 
and  expedient  to  introduce  directional  Stokes  vectors  corresponding  to  propa- 
gationin  the  +  and  —direction: 

I 

<  [Ei^?  >  -  <  \E2^ 

2  <  Rc(SJii?2j  )  : 

±2  <  Im(£?j ) 

The  directional  Stokes  vectors  and  arc  realizations  of  vectors  in  the  po¬ 
larization  spaces  analog  to  the  directional  Jones  vectors. 
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Both  Stokes  vectors  describe  the  same  state  of  polarization  if 

:=  Kg_  or  g_  ~  Kg^  (35) 

where  K  =  diag(l ,1,1  ,-l)  is  involutory  =  /)  in  analogy  to  the  involutory 

complex  conjugation  operation. 

A  Stokes  vector  g  belongs  to  the  4-dimcnsional  real  linear  Minkowski  space 
and  satisfies  the  so-called  Lorentz  norm  ||  g  ||^  =  ^  “  ^2  ““  ^  0- 

partially  polarized  waves  ||^j  >  0  whereas  for  partially  polarized  waves  ||  g  ||  = 
0  (’timc-likc’/’nnll-coiie*). 

The  norm  can  be  written  more  conveniently  as 

(36) 

where  17  ^  diag(l  -1  *1  -1)  is  the  Minkowski  metric  tensor. 

The  Mueller  matrix  M  connects  the  Stokes  vectors  of  the  incident  and  the 
scattered  fields.  For  a  coherent  target 

gr^  KMgl,  §:  z=  Kg,^  =  (37) 

where 

M  =  2A'^-\S  0S')A-\  (38) 

Here  ®  denotes  the  Kronecker  product  and 

/  10  0 
.10  0 
'’=011 
\  ^  i  ”7 

The  power  received  by  an  antenna  with  polarization  vector  (r  received)  is 
given  by 

p  =  1^; -i/p  =  |/I;  •  (4o) 

This  can  be  written  as 


Traditionally  the  expression  KM  was  called  Mueller  matrix  and  is  non  symmet¬ 
ric  whereas  the  so-called  Kennaugh  matrix  M  is  symmetric.  M K  and  M  differ 
by  the  sign  of  the  fourth  row.  If  proper  care  is  taken  to  involve  only  quantities 
belonging  to  one  and  the  same  polarization  space  'Pj.  (or  P_)  only  the  matrix 
M  of  eq.  (38)  appears  and  is  called  Mueller  matrix  here. 

For  a  single  deterministic  target  the  symmetric  Mueller  matrix  (38)  is  (up 
to  a  constant)  a  proper  orthochronous  Lorentz  transformation 


r:  jApr? 


(42) 


where  A  =  act(S). 

FVom  eq.  (37)  follows 


iiflVii  ==  ir  II  - 


For  Ihe  coherent  case  the  theory  of  optimal  polarizations  can  directly  be  taken 
over  from  the  previons  considerations.  For  instance  denoting  the  angle  between 
the  Stokes  vectors  bn  the  Poincare  sphere  corresponding  to  the  copolornnlls  y; 
(i  =  1,2)  of  eq  (22)  by  47  it  follows  from  cos  27  =  KyuVi)!  ^  ^2/^1 

^'^^Xhe  theory  of  optimal  polarizations  can  also  be  formulated  in  the  Minkowski 
space  setting  itself  with  interesting  particularities.  The  latter  approach  is  im¬ 
portant  regarding  the  incoherent  scatter  case. 

The  received  copolar  and  crosspolar  power  read 

P.=h^Mg  (44) 


where 


i;i’  '-1 


The  symmetric  Mueller  matrix  is  written  as 


M  =  M^  = 


_  J* 

moo  ^ 


Then 


P,  =  -  Mi}p 

dg 


This  is  a  real  symmetric  form.  The  eigenvectors/- values 

{Moo/ -  M,}p;=^£P;.  *  =  1.2.3 

(0  <  Pi  <  Pz  <  Ms)  determine  minimal  and  maximal  crosspolar  power. 

minP,  =  7P1,  maxP,  =  -/is-  (49) 

For  a  deterministic  target  pi  =  0  and  Pi  =  o. 

The  copolar  power  in  the  general  incoherent  scatter  case  can  be  expressed  in 
terms  of  an  inhomogeneous  quadratic  form  and  the  scrch  for  optimal  solutions 
requires  the  nnmcrical  solution  of  a  6.th  order  polynomial.  For  details  sec  for 

instance  [18]  and  the  literature  cited  there. 
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ASYMPTOTICS  OF  ELECTROMAOKETIC  FIELD  IN  THE  PROBLEM  OF^ 
DIFFRACTION  BY  A  WEDGE  WITH  ANISOTROPIC  FACE  IMPEDANCES 

Mikhail  A.  Ljialinov 

Deapartment  of  Hathem. Physics,  Institute  of  Physics,  S.Potorsbarg 
University,  U1 janovska ja  l-l,  Petrodvorec,  198904,  Pusaia* 

ABSTRACT 

The  asymptotic  procedure  developed  for  coupled  Hal luzhinoto* 
system  of  functional  equations  gives  effect iv©  asymptotic 
formula©  for  the  electromagnetic  f ield  scattered  by  a  wedge  with 
anisotropic  impedance  faces.  The  analytic  technique  for  solving 
of  recurrent  system  is  based  on  modified  Fourier  transformation 
and  theory  of  Kaliuzhinets’  functional  equations-  Investigation 
of  the  spectral  function  leads  to  extraction  of  their 
singular it iee  which  correspond  to  different  waves:  reflected, 
leaky  or  scattered.  When  kp  »  1  high  frequency  asymptotice  can  be 
deduced  using  closed  irrtegral  roproBentation  of  the  wav©  field. 
Via  matching  of  local  series  one  can  construct  a  uniform 
asymptotic  representat ion. 

INTRODUCTION 

The  problem  of  diffraction  by  a  wedge  is  the  key  problem  in 
many  practical  situations.  Particular  interest  to  the  probiem  of 
dif f ract i on  by  a  wedge  w i th  an i sot ropi c  coat i ngs  arises  recent  I y 
due  to  the  developement  pf  new  technologies  and  their 
applications  in  cohstruction  of  scattering  surfaces  with 
prescribed  properties  r  1-^93. 

Electromagnet ic  field  in  our  case  can  be  expressed  via  E  *, 

■3C 

components  which  are  directed  along  the  edge  of  the  wedge.  Th© 

Eg; •  ^2  wav©  equation  (with  ©xpC-^iwt)  time 

dependence  which  is  suppressed  in  this  paper)  and  anisotropic 
boundary  conditions.  Using  Sommerfeld  integrals  we  reduce  the 
problem  under  considerat ion  to  the  system  of  couplod 
Ha liuzhi nets’  functional  equations  for  the  pair  of  spectral 
functions.  Spectral  functions  are  to  be  chosen  from  a  special 
class  of  meromorphic  functions  to  represent  physical  solution. 
For  weak  anisotropy  the  system  of  functional  equations  can-  b© 
soived  by  asymptotic  method.  It  is  shown  that  the  leading  terms 
and  the  first  correction  can  be  determined  in  closed  form  by 

means  of  modified  Fourier  transformation.  In  the  case  of  E 

■■ 

polar  izatiqn  interact  ion  of  the  incident  wave  w  i  th  an  anisotropic 
wedge  generates  an  component  of  scattered  field  which  is 

proportional  to  the  magnitude  of  anisotropy^  Analysis  of  the 
obtained  formula©  leads  to  ©xtraction  of  waves  of  different 
physical  nature  :  refrected,  scattered  or  leaky  waves.  Standard 
uniform  asymptotic  analysis  is  applied  to  construct  uniform 
asymptotics  of  the  field  outside  the  vicinity  of  the  edge.  Our 
approach  uses  Mali u^hlnets’  method  which  has  to  be  modified 
appropriately  and  applied  to  asymptotic  procedur©  E 103 . 
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FORMULATION  AND  ANALYSIS 

A  plane' wav©  j 

.i  -ikpcostp  -  -  „~ikpcoE 


® 


H  =  e 
z 


ikpcoeC^  -  f 
or. 


ie  Incident  on  a  wedge,  whoee  faces  are  V  -  ±^,  where  p,  p,  2 
aoTB  cylindrical  polar  coordinates^wit^  2-axes  directed  along  the 
edge  rFig.ll.  Local  coordinates  X”,  Y^"  with  C±)  related  to  the 

faces  =  t  ^  are  determined  as 

'  '  i  ■  — 

X“  =  ♦  pcosCS  ?  f>)  ,  y~  i  psint^  +  f>) 

whore  Yts  local  normal  coordinate.  Electromagnetic  field  can  be 
oxpreeaed  via  E^t  C 103.  In  the  leading  approximation  for  a 

weak  anisotropy  (c  is  small)  one  has 


I3.(P,F)  =  2n 


^  Ca+p)  Cn/2$  )  COS  ( 

L-  f  ^-fkpcoBa  ^  °  da(I+0(r*)) 

J  T  .  nlo+p) 

r  r'"  2r-J 


^sin  — 


"  2$  J 


H^tp,F)  = 


- i kpcosa 


w  (a-fp  >  (71/2$  )  cos  ( TTp  /2$  )  E 
g  ^ 

r  ^  la+p) 

-  Bin  —y 


»  f  Ca+<^)dot  {l+0(r  0) 

where  all  notation©  are  defined  in  ClOl.  We  consider  the 
integrand  of  ( 1 )  and  construct  uniform  asymptotic  formulae 

when  kp  >>  The  investigation  of  asymptotics  of  E^  component  is 

standard  C43. 

,X 

f 


I 


Let  §  >n/2,  then  in  general  case  integrand  in  / (1)  for  H 

•  -f .  ■ '  .  B  ■  t  ■  ■  r 

may  have  poles  a*  ~  ±  2$  -  p  -  p,  -  p  ±  (  tt  +$  +  0“)  and 

^4*  ^ 

=  —  p  ±  (77  -h$  +  C1C3*  We  omit  coneiderat  ion  of  ^  since  it 


ie  the  same  as  for  When  deformation  of  integration  contour  r 

into  steepest  descent  path  C43  is  performed,  those  poles  can  bo 
captured.  The  residues  in  the  poles  os  give  leaky  wave  terms 

^  expC  i  kpcos  (4^  +  ?  ^c>)  3  U(tp  ^ 

and  U(x)  Heaviside  function  s  U(x)  =1  (x  >  0)*  U(x)  =  0  <x  < 
0).  If  Irn9“  >  0  wo  can  neglect  these  waves  in  asymptotics  uhon^kp 
»  1.  Analogously  contribution  given  by  residues  at  the  poles  = 

±  2^  -  c  can  be  interpreted  as  reflected  secondary  waves  arising 
o 

due  to  anisotropy  of  the  wedge  faces 

n  Og  *  O  * 

(±2$--p  ) 

12,  ■ 

where  w  (±2$“f>  )  and  f  )  are  easily  computed, 

9  e  o 

■  '  ■  t 

P  (±2$-co  )  =  /a"*  2sin(p  +$)/(±ain.(-?7^*+^)  t  ein©"*)/ 


y/  (±2$-p^) 
g  O 


/(  ±eln( )  ~sin:t:""  ) 

o 

*  «♦- 

sin(-”p  t9)  t  i-Binx^y 

o 


sint-f^  ±3&)  ±  sin;t 

.  o 


Cylindrical  wave  arises  due  to  saddle  points  ^and  given  by 


ikp+iTT/4  np 

~  _,£? - -  E  n/2i  cos  7^ 

r-^ — 7 — ^  Og  2w 

y  27rkp 


f  V<  {p-Tt)^  ip-n) 
_ g  •  _ _ 

f  .  n{p-n)  ^  ”’’0'] 

l^sxn  -2*—  -  2i-J 


( y>+n )  ?^  ( y>+rr )  1 

r  .  ^Ttp+rr)  J  \ 

Nonuniform  asymptotic  representation  of  the  wavefield  is  used  to 
construct  a  uniform  one  ClOl.  For  simplicity  we  are  restricted  by 
angles  of  incidence  $  >  p  >  n-$  when  only  one  face  of  wedge  is 

^  y 

illuminated  by  Incident  wave,  We  neglect  the  terms  r^*  for  kp  » 
1,  Using  the  method  of  matching  of  local  asymptotics  C93  one  has 


£  E  e 

Og 


ikpcos(2*  p^  P*  (-v;  (2§“P  )H2i-p  ))  » 

'  •  g  O  •  O , 


Ft  2kp  cos 


ikptiTt/4 
'  2nkp  ‘ 
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tit/2*ycoe  — ~  V  (n+»>)^{n+p) 

2w  g  ■ _ 


]cos  [-^ 


1  7T+f>+fl? 


ik/ohin/4 


2TTkp 


{tn/2$  )cos  :5^  (f>-7T)f  (  p-n)  1 

.,  .  :  .  g  .. - — - - 1  (2) 

w^her©  F(ac)  is  Fresnel  integral.  For  crhosen  angles  of  incidence, 
the  wav©  field  has  on©  tranaitionreg ion  In  the  vicinity  of  the 
ray  jo  2$  -  —  n,  when  the  argument  of  Freenel  integral  is 

equal  to  zero.  Denominators  of  the  second  term  in  C2)  are  also 
equal  to  zero^  but  singularities  cancel  each  other.  Formula  (2) 
is  generalized  easily  to  the  case  when  both  wedge  faces  are 
illuminated.  The  effectiveness  of  formula  (2)  is  determined  by 
the  effect iveneae  of  numerical  computation  of  f  C±tt+^o)  [10] 
Initially  this  function  is  derived  in  the  strip  |  Real  C$.  As  shown 
in  C 103  ^ (a )  can  be  cont i nued  anal yt i cal 1 y  to  w i dor  et r i p  | R©  a | < 
3^.  Then  the  problem  of  tabulation  for  {"(a)  consists  in  fast 
numerical  calculation  of  exponentially  converging  integrals. 
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UNIFORM  DIFFRACTION  COEFFICIENIS  AT  EDGES 
m  A  GROUNDED  DffiLECTRIC  SLAB 

Stefano  Mad,  Leonardo  Borselli,  C.  Salvador,  Lorenzo  Rosd 
Department  of  Electronic  Engineering,  University  of  Florence, 
via  S- Marta  3,  50189,  Florence,  Italy, 

Abstract 

Uniform  diffraction  coefficients  has  been  derived  for  predicting  far  field  pattern  of  an 
horizontal  electric  dipole  placed  on  a  truncated,  grounded  dielectric  slab.  The  formulation  is 
based  on  a  Physical  Optics  (PO)  approximation  for  both  the  volumetric  currents  in  the  slab 
and  the  surface  currents  on  the  ground  plane.  This  approach  leads  to  a  spectral  integral, 
which  is  uniformly  evaluated  by  taking  into  account  the  presence  of  surface  waves  and  leaky 
waves  poles. 

1.  Lxtrodnctipii  - 

Tlie  prediGtion  of  the  diffraction  mechanisms  at  edges  in  a  grounded  dielectric  slab 
is  a  of  importance  in  patch  antennas  applications.  The  need  for  t^ing  into  juxount  such 
effects  mostly  arises  when  the  patches  are  printed  on  free  standing  structures,  in  which  the 
front- to-back  ratio  has  to  be  maximized  for  interferences  reduction.  Furthermore,  these 
diffraction  mechanisms  may  considerably  affect  the  radiation  pattern  |1]- [2]  and  have  an 
influence  on  the  directivity,  mostly  when  surface  waves  are  strongly  excited. 

GTD  diffraction  coefficients  for  an  electric  dipole  placed  at  the  interface  of  a  dielectric 
slab  and  in  proximity  of  its  interruption,  would  provide  an  efficient  tool  for  predicting 
diffraction  contributions.  Diffraction  coefficients  may  be  derived  from  the  exact  solution  of 
an  half-plane  with  surface  impedance  boundary  conditions  (b.c.)  on  one  face  and  perfectly 
conducting  b.c.  on  the  other  face  [3].  However,  this  kind  of  solution  looses  validity  for 
increasing  substrate  thicknesses,  when  the  impedance  boundary  condition  approxiinaiion 
fails.  Then,  it  cannot  be  easily  applied  to  patch  antennas  problems. 

A  more  general  solution  of  the  canonied  hcdf-plane  problem  was  derived  by  the  Wienex- 
Hopf  technique  in  [4],  in  which  generalized  impedance  boundary  conditions  were  employed 
to  model  the  slab.  Unfortunately,  due  to  the  extreme  complication  of  the  problena,  the 
diffraction  coefficients  that  can  be  deduced  from  this  solution  are  not  simply  to  manipulate. 

r  In  this  paper,  a  uniform  diffraction  coefficient  has  been  derived  for  an  horizont^ 
electric  dipole  on  an  interrupted  slab.  To  this  end  a  Physical  Optics  (PO)  estimate  is 
adopted  for  both  the  volumetric  currents  in  the  slab  cind  the  surface  currents  on  the  groimd 
plane.  In  p^ticular,  the  analysis  consists  of  four  steps,  a)  First,  by  applying  the  equivalence 
theorem,  the  half-slab  and  the  half-ground  plane  are  replaced  by  polarization  and  siuiace 
currents,  respectively,  radiating  in  free  space;  b)  next,  according  to  PO,  these  currents  are 
estimated  from  those  existing  in  an  infinite  grounded  slab,  that  are  represented  in  terms  of 
spectral  plane-wave;  c)  then,  the  far  field  is  obtained  by  the  end-point  evaluation  of  the 
radiation  integral  of  such  currents;  d)  finally,  the  spectral  integral  which  is  obtained  at  the 
previous  step  is  asymptoticEdly  evaluated  by  the  Van  dcr  Wacrden  method  of  the  deepest 
descent,  taking  also  into  account  for  the  presence  of  surface  waves  and  leaky  waves  poles. 

2.  Formulation 

Let  us  consider  a  semi-infinite  dielectric  slab  and  an  ihfinitesim^,  horizontal  electric 
dipole  (HED)  located  at  the  air-dielcctric  interface,  at  distance  Ly  from  the  edge.  For  the 
sake  of  simplicity,  let  us  suppose  the  HED  parallel  to  the  edge.  A  coordinate  system 
{x,  y,z)  of  unit  vectors  (f,  is  introduced,  with  its  origin  at  the  HED.  The  z  axis  is 
perpendicular  to  the  surface  and  the  x-axis  is  parallel  to  the  edge  and  along  the  HED,  A 
spherical  coordinate  system  (r,^,  ^)  of  unit  vectors  (f,  is  also  introduced  in  order  to 
describe  the  far  field  pattern. 

By  resorting  to  the  equivalence  theorem,  the  dielectric  and  the  ground  plane  can  be 
replaced  by  electric  polarization  currents  and  surface  electric  currents,  respectively.  These 
Gurrbnts  may  be  estimate  in  the  hypothesis  of  infinite  grounded  dielectric  slab,  by  resorting 
to  the  PO  approximation.  In  such  a  way,  all  the  currents  components  may  be  expressed  by 
a  spectral-Fourier  representation;  i.e.,  ' 
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where  the  apex  p=  x,  jf,  z  denotes  the  directions  of  the  current  components  and  the  ind<^ 
q  ^  gy  i  refers  to  gro^d-plane  currents  and  the  dielectric  currents,  r^pectively.  It  is 
worth  noting  that  and  J®  have  also  a  dependence  from  the  z  variable.  This  dependence  is 
not  explicitly  expressed  in  (1)  for  obtaining  a  more  compact  notation. 

In  order  to  obtain  the  magnetic  potential  components,  the  electric  current  is  integrated 
all  over  the  semi-infinite  extent  y<i/y  after  weighting  v/ith  the  free-space,  far-field  Green’s 
function.  By  starting  from  this  potential  components  it  is  a  straightforward  matter  to 
obtain  the  f^  field  contribution  at  any  point  P  H  (r, 


Fig,  1,  Topology  of  Hit  prop tr  and  improper 
complex  plane. 


E(t,9,<I>)  =  (agi  +  1)  (8) 

in  which 

“f  =  ^  +  i-l  >  <i>  (3) 

p.t 

-p-oo— oc  0 

in  which 

li  =  stnd  cos^  ;  V  =  stn9  svn4>  i  w^cosB  .  (5) 

and  h  is  the  thickness  of  the  substrate.  In  (4^, 
the  integr^  in  z.  appli^  only  to  the  dielectric 
currents  It  is  worth  noting  that  the  term 
x  \  in  (3)  represents  the  direct  far  field 


contribution  from  the  unit  dipole. 

The  double  spectral  Fourier  representation  (1)  is  now  introduced  in  (4).  Changing  the 
order  of  integration  and  performing  in  a  closed  form  both  the  couple  of  integral  in  k^-x  and 


the  integral  in  y,  leads  to 


j  Jl(ku,  kj  -jL^fky  -  ko)  „ 
A-kv)  ^ 


in  which  k^}=jl  A>  V  9=9  J},A,  j^  A,  K)  dzfor  q=d  . 


The  integrand  in  (6)  exhibits  an  optical  pole  (OP)  at  hv  with  a  small,  negative 
imaginary  part  due  to  small  losses  in  the  surrounding  medium  which  can  be  assumed. 
Otherwise,  one  can  suppose  this  imaginary  part  tends  to  zero,  thus  producing  a  clockwise 
indentation  of  the  integration  path,  as  shown  in  Fig.  1. 

The  numerical  evaluation  of  the  integral  in  (6)  presents  two  main  difficulties.  First, 
the  poles  have  to  be  extracted  in  order  to  obtain  a  smooth  function  suitable  for  numerical 
mtegration.  Next,  the  behaviour  oi  ^^(hi ,  k^)  for  large  is  such  that  the  integrand  in  (6) 
is  rapidly  oscillating  and  slowly  decaying,  thus  resulting  in  a  poor  convergence  of  the 
integral  for  large  value  of  -feLy.  To  overcome  these  lirhitations,  asymptotic,  closed-form 
expression  of  a  J  will  be  developed  in  the  next  sections. 


3*  Pole  structure  and  asymptotic  evadisaticMu 

In  (6),  the  xdevant  topology  of  the  proper  Rieman  sheet  {Jm^  <r  /?  )  of  the 

complex  ky  plane  is  depicted  in  Fig.  1.  This  sheet  contains  two  branch  points  at 

(7) 

that  depend  on  the  observation  aspects.  Apart  from  the  optical  pole  OP  at  iv,  there  are 
surface  wave  poles  (SWP)  at  ky=  ik^’2L  (n=r  1,2,..).  Other  complex  poles 
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({=1,2..)  are  located  on  the  improper  Rieman  sheet  {lm((ha^  -  >  0)  of  the  ICy  plane. 

In  the  conventional  Sommerfeld  representation,  these  poles  correspond  to  the  leaky  wave 
poles  (LWP).  When  hh  or  increase,  the  LV/P  migrate  toward  the  branch  point  and 

emerge  on  the  proper  PJeman  sheet  when  the  prime  condition  of  SW  is  met.  ^  ^  _ 

The  topology  of  the  plane  is  not  much  convenient  for  the  asymptotic  evaluation  m  (6), 
since  the  steepest  descent  path  (SDF)  does  not  lie  completely  on  the  proper  Rieman  sheet. 
As  shown  in  Fig.  1,  in  this  plane  the  SDP  start  from  ka-joo  on  the  improper  sheet,  passes 
through  the  branch  point  and  goes  to  ka-fjoo  on  the  proper  sheet. 

By  employing  the  substitution 


Fig.  S.  To'pology  of'  iht  top  sheet  of  the 
comphr  s^plane 


V-  3*  +  2jd  (8) 

the  integral  in  (6)  is  rewritten  as 

(gj 

where 

So=  e~^  v^cT^  /  h(s)  kj  ;  Q.=hLy 

(to) 

The  conditions  (8)  map  the  SDP  onto  the  real 
eocis  of  the  top  Rieman  sheet  of  the  complex  s- 
plane,  as  shown  in  Fig.  2..  Here,  the  saddle 
point  lies  at  s=0.  It  is  worth  noting  that  the 
integrand  in  (9)  has  OP  at  ±3^^  SWP  at 


>  =  and  LWP  at  (i  =  l^..)  (11) 

The  path  of  integration  in  (8)  is  now  deformed  onto  the  SDP  through  this  saddle  point 
(Fig.  2).  In  this  deformation  the  SWP s  and  an  OP  axe  captured,  thus  leading  to 

where  I  j-  is  the  integral  along  the  real  axis  of  the  complex  s-plane,  and  the. 

yesidues^of  the  SWP.  ,  , 

The  integral  on  the  SDP  Ccin  be  evaluated  by  means  of  the  Van  der  Waerden  method  of 
SD  [5].  In  principle,  all  the  poles  in  (11),  including  the  LWPs,  affect' the  asymptotic  vJue 
of  this  integTcJ;  in  most  practical  Cctses,  only  the  inclusion  of  the  LWP  clo^r  to  the  origin 
resiilts  in  a  significant  improvement  of  the  asymptotic  evaluation  [6].  The  inclusion  of  this 
pole  ensures  uniformity  in  the  asymptotic  solution  also  very  close  to  the  SW.  prime 
conditions.  In  order  to  evaluate  asymptotically  the  integral,  the  sigmficant  singulariti^ 
extracted  and  the  resulting  regular  function  is  approximated  by  the  first  two  nonvanishing 
terms  of  its  Taylor  expansion  around  s— 0,  thus  obtaining  ,  -r 

where  a^*2  represents  either  or  ,  R*2  b  its  residue,  and 


f(x)  =^[1-F(x)  -  ■^)  (U) 

in  which  Ffx/ is  the  UTD  transition  function. 

/yhe  asymptotic  expansion  in  (12)  shows  three  contributions.  1)  The  first,  due  to  the 
residue  of  the  optical  pole,  is  the  geometrical  optics  (GO)  contribution.  2)  As  can  be  Easily 
inferred  from  the  phase  term  eipf-jDfb-vjj,  the  SDP  integral  represent  a  field  which 
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^dses  from  a  diffraction-point  Q*  that  satisfies  the  conventional  GTD  condition  in  free- 
space  (see  Fig.  3).  Then  the  last  contribution  in  fl2)  represents  a  space- wave  diffracted 
field.  3)  The  residues  of  SWP  represents  the  field  oiffracted  from  surface  waves  in  the  PG 
approximation.  The  SW  diffracted  field  arises  from  a  diffraction-point  that  satisfy  the 
generalized  Fermat  principle,*  this  point  does  not  coincide  with  the  space- wave  diffrEiction 
point  Q’;  in  particular,  as  shown  in  Fig.  3,  precedes  Q*  due  to  the  slow  phase- velocity 
the  surface  waves. 


Fig, 3,  S^ace  wares  ^nd  furjact  wovts  diffr- 
Mction  eonts. 
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Fig,  5,  Far  field^  paiitm  (^•component J  of  a 
dipoic  placed  ai  SX  from  the  edge,  for  different 
plane  cuts. 


4.  Numerical  results 

Preliminary  results  has  been  obtained  by  the 
formulation  presented  here.  The  examples  refer 
to  c^=2.2  and  h=A/20.  Under  these  conditions, 
only  the  fundamental  TM  mode  is  primed  in 
the  slab. 

Fig.  3  shows  the  amplitude  of  the  space 
diffracted  field  5-component)  as  a 

function  of  L^/A  for  mfferent  viues  of  0  in  the 
plane  cut  ^=45'.  The  plots  compare  the 
numerical  integration  (continuous  line)  with 
the  asymptotic  approximation  in  (13)  (dashed 
line).  Although  the  asymptotic  approximation 
requires  Q=kLy  large,  a  surprising  agieement 
bets  been  found  also  for  Lj,=  A/2. 

Fig.  4  shows  the  tot^,  normalized  far-field 
^-component)  of  a  dipole  which  is  placed  at 
y=5A  from  the  edge,  for  different  plane  cuts 
>=Gr  (Cr=  60“,  45*,  30“).  It  is  worth  pointing 
out  that,  when  C*  decreases,  the  field 
amplitude  decreases  due  to  the  low 
contribution  of  GO  to  the  E^-component. 
Furthermore,  side-lobes  gradually  appear, 
w^hich  arise  from  the  interference  between  SW- 
diffraction  and  GO  contributions. 

References 

[1]  £.  Lier,  and  K.IL  Jacobsen  "Rectangular  microstrip 
antennas  with  infinite  and  finite  ground  plane 
dimensions*  IEEE  Trans,  on  Antennas  and  Propagat, 
Vol.  AP-31,  pp.  978-984,  1983. 

(2]  S.A.  Bokhan,  J.iR.  Mosig,  F.E.  Gardiol,  "Radiation 
pattern  computation  of  microstrip  antennas  on  finite 
size  ground  plane,"  /EE  Proceedings^H^  Vol.  139,  N.  3, 
pp.  278-286,  1992 

[3]  R.G.  Rojas,  "Electromagnetic  diffraction  of 
an  obliquely  incident  plane  wave  field  by  a 
wedge  with  impedance  faces,"  IEEE  Trans. 
AnUnnas  Propagai,,  Yol.  AP-36,  No.  7,  pp. 
956-970,  July  1988. 

[4J  H.C.  Ly,  G.  Rojas,  P.II.  Pathak  "EM  plane 
wave  diffraction  by  a  planar  junction  of  two 
thin  material  half-plane:  oblique  incidence" 
IEEE  Trans,  on  Ani.  and  PropagaU,  VoL  AP- 
41,  No.  4,  pp  42M4M993. 

[5]  B,  L.  Van  der  Waerden,  "On  the  method  of 
saddle  points"  Appl.  Sci.  Res.,  Vol.  B2,  pp.  33- 
45,1951. 

[6]  M.  A.  Marin,  S.  Barkeshli,  P.II.  Pathak, 
"On  the  location  of  proper  and  improper 
surface  waves  poles  for  the  grounded  dielectric 
slab,”  IEEE  Trans,  Antennas  PropagaUy  Voi. 
AP-38,  No.  4,  pp.  570-573,  1990. 


rac 


252 


IIIIiIME!EER  WAVE  BIEIJKJTRIO  STOT 

USmC  FERRITE  AND  SHIIOONDOCTOR5  . 

Y.Y.Meriakri,  B. A.MurmuzheT,  M.P.Partciiomenko 

Institute  of  Radio  Engineeiring  and  ELeotronloB 
of  the  Russian  Aoadengr  of  Soienoes, 

1  Yvedenski  sq. ,  Pryazino  Hosoow  reg. ,  141120,  Russia. 

ABSTRACT 

DerioeB  based  on  dleleotrio  strip  waveguides  made  of  low  loss 
ferrites  and  semioonduotors  have  been  oreated.  Circuit  elements, 
Buoh  as  attenuators,  phase  shifters,  switohes,  dividers,  oouplers, 
in  partioxilar  with  optioal  and  eleotrioal  control,  nonreoiprooal. 
devices,  were  applied  to  some  millimeter  wave  Bystems ,  inoluding 
oommunioation  systems. . 

INTRODUCTIOlf 

Dieleotrio  strip  waveguides  (DSW )  are  well  knovm  in  miorowave 
and  millimeter  wave  techniques. 

Here,  we  present  some  results  of  investigation  of  the  DSW  made 
of  ferrites  and  semibonduotora.  These  materials  peiroit  to  realize 
all  of  the  qomponents  neoesBary  for  measurement  and  antenna-feeder 
subsystems  at  frequenoies  from  30  to  200  GHz. 

MATERIAIS  FOR  DSW 

The  parameters  of  low  Ibss  dieleotrios,  ferrites  and  semioon- 
duotors,  used  for  DSW  fabrioatlon  are  shown  in  Table  1 .  The  measu¬ 
rements  of  these  pararaeters  were  carried  out  using  beam  waveguide 
spec troBoopy  methods. 

DSW  Beotions  made  of  TGS  crystal  were  used  as  polarization 
filters.  TGS  crystal  parameters  for  the  wave  propagating  airtr'g 
three  crystallographic  axes  were  measured  to  be  =  2.74,  tanS^ 

=  0.62;  Hg,  =  =  2.31,  tanOg  =  8.4  10~^;  -  2,91,  tanS^  *  1*5 

10“^,  respectively,  at  X.  -  1-1  nm. 

Expression 

a  [dB/ora]  =  27-3  tanO  nA  (1 ) 

allows  UB  to  estimate  losses  in  DSW,  made  of  materials  of  Tab.i . 
Losses  at  frequencies  about  150  GHz  amount  to  some  dozen  dB/cm. 
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Table  1 . 


"#  ( 

Matei*iai 

n  i  0,3% 

■■t  _ _ — - : 

m 

!rsn 

1 

VTFK 

1.437 

0.63 

0.63 

2 

Polyethylene 

1.512 

0.62 

1.0 

>. 

SiOj  (ceramic) 

1.820 

1.70 

0.75 

♦ 

SiOg  ( fused) 

1 .951 

1.47 

0.86 

'  ^ 

AlgOj  (ceramic) 

3.031 

1.30 

0.95 

Ferrite  <Ki£n) 

3.65 

1 .52 

1 .3 

7 

f 

Ferrite  <Li) 

3.95 

1.24 

2.16 

8 

Perrite  (PeY) 

3.88 

0.75 

2.16 

Q  ' 

Si  (p  >  10^  0  cm) 

3.42 

0.2 

1.0 

10 

GgAs  (p  >  10^  Q  cm) 

3.61 

0.2 

2.2 

- 

n 

-  refraotive 

index,  tanO  - 

loBB  tangent 

D0WI(®5  BiSED  C» 

Main  nnmponentB  lor  meaBurement  eqToipment  and  Bubsyeteme  for 
frequenoies  26  -  48,  80  -  120  and  115  -  145  GHz  have  been  elabora¬ 
ted.  ComponentB  are  based  on  PTI’E,  SiOg,  AlgO^,  Si,  TGS  and  ferri¬ 
tes  CTab.l).  Por  the  above  mentioned  frequenoy  ranges,  DSW  -  rec¬ 
tangular  waveguide  tranBition  BeotionB,  opuplers,  frequency  and 
polarization  filters,  attenuators,  phase  BhifterB ,  nonreoiprooal 
aevioes  have  been  elaborated. 

Por  example,  oomplete  oet  of  devioes  for  frequency  range  26  - 
37  GHa  has  been  fabrioated  on  the  basiB  of  NiZn  ferrite  on  foamed 
PTFE  BUbBtrate.  Por  3  and  4  port  Bwitohes,  two  T-bridges  were 
used,  based  on  eleotrioally  controlled  square  oroSB-Beotion  DSW 
and  metal  gratings .  Switching  loss  is  lesB  than  0.6  dB,  channel 
isolation  20  dB.  Rectangular  orosB-seotion  ferrite  DSW  with  the 
same  ooil  is  used  as  an  eleotrioally  controlled  phase  shifter . 
Phase  shift  is  about  80  deg/om,  insertion  loss  0. 4  dB.  DSW  made  of 
Si  ie  used  ae  an  optically  controlled  atteniaator.  In  this  case, 
three  light  emitting  diodes  enable  to  change  attenuation  from  0,5 
to  25  dB  at  the  26-37  GHz  range. 

SOUE  SUBSYSTEMS  BASED  m  DIAGE  DSW 

OornponentB  based  on  image  D5W  have  been  created  for  the  frequ¬ 
ency  ranges  80  -  120  and  115  -  145  GHz.  Por  example,  ieola tore 
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with  Insertion  loBBes  not  exceeding  2-5  dB  and  return  lOBseo  15  dB 
have  been  elaborated-^  Filter-resonator,  using  ferrite  diso  reso¬ 
nator  had  20  dB  stopband  and  insertion  loss  0-5  dB.^  Breadband 
directional  coupler  has  ooxipling  15-5  t  1.5  dB  at  the  frequency 
range  80  -  120  GHz. 

Receiving  and  transmit  ting  Bubsysteras  oonsieting  of  image  DSW 
-  metal  waveguide  tranBition  seotion,  ferrite  iBOlator,  direction¬ 
al  coupler,  optically  controlled  attenuator  and,  nsodulator  have  be¬ 
en  elaborated  for  the  frequency  range  80  -  120  GHz.  Insertion  loo- 
ses  <  14  dB,  VSWR  <  1.4,  isolation  >  14  dB,  attenuation  range  15 
dB,  dimensions  20  •<  40  »  120  ran  ,  weight  200  grams. 
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ABSTRACT 

The  results  of  numerical  and  experimental  analyBls  of  frcquen- 
oy  Beleotive  pi^perticB  of  periodic  gratings,  oonBiatlng  of  hare 
or  metallized  dieleotrio  (Bemioonduotor)  rods  of  reotangular 
oroBS-^seotion  are  preBehted.  The  emphaBiB  is  put  on  optioal  and 
electrical  control  of  gratingeV  frequency  BeleotivepropertieB. 

Frequency  Seleo tire  SoreenB  or  Surf aocB  (PSSb  )  find  wideepre- 
ad  applioations  in  miorowareB  ao  filters,  antenna  subref lectors, 
ware  polarizers,  resonator  walls  etc.’ The  oommon  types  of 
consist  of  periodical  arrays  of  oondiMStiye  patohes  or  aperttn^s  m 
a  conducting  screen.  An  alternatire  way  pf  ESS  design  is  a  (dieleo¬ 
trio  layer  with  periodically  varying  dieleotrio  constant  or  dicl- 
eotrio  grating.^* ^ 

Earlier,^  eleotrloally  oontiplled  gretlng  pOTposed  of  NiZn 
ferrite  rods  was  demonstrated.  Arial  iBagnetizatlon  of  the  reds 
provided  effective  control  oftransmiBBlGnandrefleottonooeffi- 
cients  of  the  E-polarized  wave. 

Optical  and  cleotrioal  (by  means  of  eleotrio  rather  than  mag¬ 
netic  field)  control  of  grating  parameterB  Beeme  to  be  faBter, 
since  it  does  not  require  rather  inertial  magnetio  loops.  For  the 
purpose ,  two  typeBof  gratings ,  oonBiBting  of  high-nee  is  tivity  si¬ 
licon  rods  have  been  oonsidered.  The  first  type  of  grating  oon- 
sists  of  silioon  rods  of  reotangular  orosB-Beotion.  ^Hie  second  ty¬ 
pe  is  a  metal  (dieleotrio  grating,  i.e.  the  grating  of  the  firet 
type,  in  which  the  inner  faces  of  rods  are  coated  with  thin  con¬ 
ducting  strips.  In®,  oome  intepesting  frequency  selective  proper- 
tiee  of  Buoh  gratings  have  been  demonstrated.  There  is  an  obvious 
advantage  of  this  type  of  gratingj  oonoemed  with  the  presence  of 
conductive  stripB,  which  may  serve  as  eleotredeB  for  electrical 
control  Of  grating  parameters. 

The  present  paper  reports  the  results  of  numerical  and  erpe- 
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rimental  study  of  silloon  made  eleotrloally  optioally  oontrol- 
led  ffequenoy  eeleotive  periodioal  gratings. 

OPTIOAIiy  CONmOII^B  smcm  GMTIN^ 

i^presents  the  otobs  seotion  of  the  grating  made  of 
silicon  rode.  High-resietivity  Bilioon  (p  >  2  10^  0  ora)  demonstra¬ 
tes  extremely  low-loBses  in  the  millimeter  wave  range  at  room  tera- 
peratures.  The  parameters  of  the  material  have  been  measured  to  be 
e  =11.7  and  t  and  <  10  *  in  the  1  6  mm  wavelengtluB. 


Pig.1 .  CroBB-seotion  of  the  grating. 


For  the  normal  inoidenoe  of  plane  linearly  polarized  wave,  the 
tranBmiBaion  ooeffioienta  versus  dlmenBlohleBS  parameter  as  «  2aA 
are  ahovm  in  Pigs  2  and  3  for  the  E-  and  H-polariaation  oaBea,  re- 
apeotively.  The  solid  ourveB  ooiT>eBpond  to  the  measured  oharaoter- 
istioB,  while  the  daBhed  curveB  -  to  the  computed  ones.  When  the 
grating  is  illuminated  by  quartz  halogenlo  lamp,  the  tranBmiBsic-n 
iB  levelled  and  BuppreBBed  to  -15  dB  throughout  the  frequenoy  ra¬ 
nge  (dotted  lines ) w  Similar  mea-  Burements  of  the  ref leotion  ooef- 
ficientB  resulted  in  BuppreaBiqn  of  ref leotion  ooeffioientB*to  -  4 
-  6  dB. 
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Pig. 2.  B-polarization  oase 
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Pig. 3.  H-polarization  oase. 

mPfmtTCAI^^  CONTROIJiED  SILICOW  GR&TING 

Metal-dieleotrlo  grating,  oompoBed  of  thin  metallized  semi- 
oonduo tor  Blabs,  oan  be  effeotlvely  oontrolled  by  the  eleo trio  fi¬ 
eld  applied  to  the  Blabs '  metallized  f aoea .  ResultB  of  numerioal 
Btuoy  of  grating  made  of  metallized  silicon  slabs  are  presented  in 
Pig. 4.  Pararoeters  of  the  grating  are:  a  =  1.5  mm,  b  =  .15  mm,  c  - 
1.5  mm,  e  =  1 .  iPhe  solid  ourre  corresponds  to  the  gratpig  with  e” 
=*iO'^'(e^=  e’  -  iE".  E’  =  11 *8),  the  dashed  curve  -  to  E”  =  1 
and  the  dotted  curve  -  to  E"  = 


10. 


COHCLOSIOKS 

Control  of  grating  aharaoteriatioB  by  generation  of  charge 
carriers  in  semioonductors  by  means  of  eleotrio  field  or  by  ligb-t 
1b  demonstrated  on  two  types  of  silioon  gratings.  BesideB  the 
change  of  tranBrnisBion  and  reflection  ooeffioientB,  the  effect  of 
light  or  eleotrio  field  is  also  in  the  Buppression  of  frequency 
selective  properties  of  the  gratings. 
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ABSTRACT 

A  Sacral  fljproach  to  rigorous  solution  of  two-dimensional  problem  of  electromagnetic  wave 
^f&action  on  the  systemr  Of  infinitely  thin  and  perfectly  conductive  screens  inside  a  stratified  mediinn 
is  presented.  11]«e  are  fiu^  layers  widi  different  electromagnetie  properties  that  are  excited  by  a  two- 
&nensional  Er-  ^  polaiiz^  eleetrornagnetic^TO  medium  surfaces  are  formed  by  tw^ 
kl  planes.  In  the  middle  toycr  we  situate  a  system  of  cylindrical  screens  md  assume  that  their  cross- 
sections  are  arbitrary.  The  integral  equations  of  the  corresponding  diffiaetion  problem  are  suggested 
and  a  numerical  method  of  solution  is  developed.  The  integral  equation  kernels  contain  the  usual  fioe- 
Green  function  and  the  Sommerfeld-type  integrals  of  two  variables.  An  efficient  mediod  of  die 
second  kernel  part  evaluation  is  proposed  using  contour  integration  and  construction  Lagrange  type 
interpoiatioa  polyaomiaL  Some  field  calculation  results  are  presented  and  discussed. 

^  An  analysis  of  electooni^etic  wave  scattering  by  different  ^^  inhomogeneities  in  stratified 

meffium  is  one  of  die  interesting  problems  in  radiophysiesfl  -3  geophysics  [4  land  nonnlestrac^^ 

testing.  In  the  resonance  region  —  die  most  difficult  case  for  Ihedretical  investigation  —  the  integral 
equations  techniq^  is  widely  applied  to  solve  the  corresponding  dif&action  problems.  Concming 
conductive  cylinders  such  equations  are  formulated  reg^ding  unknown  surface  cunreht  ■densities 
f5 ,6  J  or  internal  fields  [7  -10  ].  Numerical  investigation  of  electrofnagnetic  scattering  by  sciuens 
with  resonance  size  within  planar  stratified  medium  have  been  eanied  out  tip  to  the  present  only  Ibr^a 
strip  [1 1],  circular  eyfinder  wim  a  slot  [12 ,13  ]  or  combination  of  dicm^^^^P^^^ 

^This  paper  present  a  general  technique  of  sin^lar  integral  equations  rigorous  solution  of  the 
twcMiimensional  diffraction  problem  for  a  system  of  arbitrary  cyhndrieal  screens  in  t^en  Ihrce^laye^ 
medium.  The  propos^  algorithm  is  based  on  the  potendal  method  application  in  boundary  integral 
equations  [1 5  ];  the  direct  numerical  treatment  of  the  obtained  singular  integral  equations  ushtg  die 
mechaiucal  quadrature method  [16  ];  the  manner  of  Green  functions  calculation  by  contour  integration 
and  polynomial  approHmation  [17  J.  The  algorithm  serviceability  and  vah’dity  Me  shown  by  soltrtion 
of  sealtering  iffoblem  in  die  <ase  of  two  resonant  elliptical  screms  in  a  dielectric  slab. 

STATEMEI^  OF  THE  PROBLEM  AIN®  GREENTTJNCT^^^^^ 

Let  the  planes  and  {relating  to  Cartesian  coordinates  form  the  medium  inleffaccs 

with  wave  BUinbeis  ^2,  The  system  of  cylindrical  mfiniteiy  thin  perfectly  cciiduclive  screens 

with  cross-section  off,*,  is  arbitrary  situated  in  the  strip  -^<y<0  parallel  to  Gz-axis.  The  arcs 

»c  assumed  as  the  Lyapunov  type  contoura  of  arbitrary  curvature;  The  external  source  of  two- 
dimensional  £-pr.ff-polari25ed  electromagnetic  wave  (the  time  dependence  exp(-;£iV))  with  a  fV^(x,y) 
longitudinal  (along  Gz-axts)  component  excites  presented  structure.  Let  ip=je'{/r)  in  the  case  of 
^'(^polarization.  Once  the  z-coordinate  jn  the  scattering  problem  is  droped,  use  symbol  z  to  denote 
*e  (aiy)  lK)inti  lc.  define 

The  diffraction  problem  is  reduced  to  find  two-dirriensional  Helmholtz  equation  solution  which 
aMisfics  thc  conditions  ofeontinuity  on  thc  mcdium  intcrfaces;  of  waves  absence  from  infinity  (except 
exciting  one);  of  ^ichlet  lf— polarization)  or  Neumann  (/f-  polarization)  on  the  areXy^,  ih=l,  V;  of 
Meixaer-^  near  the  screem  ribs  (X^  arc  end-points)  [13, 1 8  ]. 

Gonsidering  the  radiation  conditiem  we  obtain  (look  also  [13, 19  J) 

260 


g2"(^i3  -Vi/>23Xva^l3  “»y»23  )5  % 


■*‘''1/^  )(''2Pl3  ”*V23  X 

gn-g2:6A=-2dS{i-^}ig^(.V2Piy^v^Xv^iy*^}^0~ 
Kvi2Pi3”^l/^K>'2Pl3+*^21  )®xp[-2i(/»J;  r=i|l-zl; 

where  in  ibeixse  of  E~polmmtion,pif^;i^;i^  m  If-case  (/J=l,2,3).  3{)  and  9l{}  maiks  Ihc 

real  and  imaginary  part  of  complex  value.  .  _  . 

To  obtain  the  solution  of  problem  the  numerical  evaluation  of  the  Green  fimctions  (1)  and  Ineir 
normal  derivatives  must  be  done  carefully.  It  is  hard  especially  in  the  cases  when  is  large 

and  integrands  in  (I)  become  highly  oscillate.  The  necessity  of  such  integration  cm  be  avoided  by 

integral  conversion  according  to  scheme 

I(a,/5)s£”^exp(-W2  4:i|^  P) 

wdiere  the  contour  r  is  shown  in  Fig.  I  and  is  cho^n  from  the  condition 

3(-aii+f5d)|{.4«~ccnst.ton^=^^^  X3) 

Condition  (3)  quendics  an  oscillation  of  integrand  in  {2)  and  causes  its  r^id  decrease  at  infin¬ 
ity.  It  should  be  stressed  that  the  foregoing  method  of  Green  functions  calculation  is  effective  in  the 
case  ofwaveguide  modes  absence.  However,  the  non-attenuated  wave  propagation  may  exist  in  di¬ 
electric  layer  Mathematically  it  means  the  presence  of  the  real  poles  in  complex  ^-plane.  Such 
poles  are  the  solutions  of  equation  g(f,)=0,  g'UMOJ  =  l,n,  (see  (1))  and  always  exist  fo?  condi¬ 
tion  x^Zl  3  Allowing  for  this  circumstance  vre  change  the  contour  T  according  to  Fig.l  Then  we 
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obtain  J +  f  The  integral  over  Tj  vanishes  at  r=|zl--»oo  as  l/yjr.  The  integral  over 
r  r,  r, 

r2  is  equal  to  sum  of  residues  and  describes  the  waveguide  modes. 

Let  us  consider  the  integrand  behavior  over  T y  (left)  and  Tj^  (right)  parts  of  contour  F  at  point 
When  (where  parameter  t=[0; I],  ^i/=d^/dv  ^GFj;  ^)  we  obtain 


VF+t 


We  diose  the  value  of  radicals  for  right-hand  part  contour  Fi  from  ;t2  so  tiiat 

for  left-hand  part  contour  Fi  from  so  that 

-Xi- -  z4}v3{»',}  0.  Here  for  the1R{vij}>0;  for  JR{?}SZu, 

the  3{vj^}S0. 

To  calculate  an  integral  along  contours  Fir  and  Ti/  we  can  apply  a  special  quadrature  Gauss- 
Chebyshev  formulae  which  secount  stationary  singularities  at  ;if2  [15].  Another  way  of  evaluation  those 
integrals  consists  in  transformations 

-  (4) 

Thus  the  calculation  of  a  singular  integral  is  reduced  to  evaluation  of  a  regular  one.  The  nu¬ 
merical  testing  of  two  approaches  shows  that  the  second  algorithm  is  preferable. 

For  additional  computer  lime  decrease  during  evaluation  of  oscillatory  integrals  at  near  field 
zone  we  build  for  them  the  Lagrange  type  interpolation  polynomial  of  two  variables 

Ao^  (5) 

Here  4=cos[j(2*-J)/(2Af,>l. 

df^b  Zi)~l{a  d/^b  or  and  ^  are  the  greatest  values  of 

the  variables  or  and  fi,  which  are  necessary  for  solution  of  integral  equation  system;  function  a(<z,fi)  is 
proportional  to  Sommcrfcld-typc  integral  asymptotic  behavior  (in  our  case  <y(  o^fi)=Kxp  [/x2l  ctUfi])- 
One  time  numerically  calculated  values  /^(a*djpb*2,),  Ic^TM\,  l^lMi  me  us  according  to  (5) 
the  analytical  representation  of  integral /(  or,^  at  arbi  trary  a  and 

SYSTEM  OF  INTEGRAL  EQUATIONS  AND  SOLUTION 

Using  the  Green  function  C£(r,z)  the  solution  of  difftaclion  problem  in  the  case  ofE^po- 
larization  is  sought  as  the  simple  layer  potential 

tr 

E(z)=E*(z)+2rr2J  (6) 

:  *.IZ,  .  ' 

and  in  die  case  of  .^polarization  as  a  double-layer  potential 

(7) 

ti  z*  ^ 


2€2 


Here  and  are  uitoown  functions  proportional  to  surface  current  densities  induced  cm 

screens  by  excited  wave,  ^  <3?^  marks  a  partial  derivative  by  normal  at  the  internal  point  ti^xgHyi^ 
■with  arc  abscissa  rjt  of  contour  Z-t 

Let  the  contours  i*.  *=  are  described  parametrically  /*=/*(*),  J=H  ;1]  by  conqjlex-valued 
functions  of  real  parameter  rand  we  can  have  We  saUsfy  the  Dirichlet  (jB-sase)  or  the 

Neumann  (//-case)  conditions  on  N  contours  and  obtain  the  system  of  integral  equations  with 
logmthmic  singxi  lari  ties  (£J-case) 

t  t  jv  I 


or  get  the  system  of  hypersingular  integral  equations  (/ikase) 

L  «;(*^)  •  i 

+2^10?  )1  2/  HO?  X  f=  W.  (9) 

i^i-i  dnidn^  .  ^ 

The  designations  y*(i)=y*{/*(^)|/y,  aie  made  in 

systems  (8).  f9).  Due  to  edge  condition  the  expressionsyi(/)-y;;(/yV^,  m*(t)=/nI(/)\/??  hold  (jkA 
are  Holder  continuous  functions,  bounded  and  nonzero  at  t=±1).  The  kernels  Kir.'a^  K,  ,(r  &) 
are  re^lar  fimetions  in  square  -Kr,  to<l  .  primes  designate  the  derivatives  with  respect  to 

r.  e  1  m  of  equations  (8).  (9)  we  apply  the  mechanical  quadretnres  method 

[15,1  To  thieve  the  algonlhm  effectiveness  in  the  ease  of  scattering  by  a  screen  system  •we  use  the 
procedureof  successive  approximations  with  allowance  for  wave  rereflection.  Thus  the  problem  solu¬ 
tion  is  performed  in  a  step  by  step  handUng  of  W  independent  linear  algebraic  systems. 

RESULTS  AND  DISCUSSION 

y  1  /  “  ■  I  Let's  consider  a  question  of  the  obtained  re- 

X,  o  /\a  validity.  The  validity  of  equation  (5)  is  proved 

X  V  L  ^  comparison  of  the  obtained  values  and  the  ap- 

*  '  propriate  Sommerfeld  type  integrals  calculated 

'  *  numerically  by  contour  integration  (see  (2)  and 

(5))-  fa  ell  these  cases  the  accuracy  of  the  Green 
i  \  '^  \  function  was  0.01%  when  node  numbers  Afj  ,=15 

per  wave  length.  The  comparison  of  the  &Ben 
function  in  general  case  Zi*Z2*Xy  <be  results 
of  [19]  was  carried  out  at  JE^polarizatibn  excitation. 
Fig.3  Cross-section  of  elliptical  screens  in  the  pla-  Mathematical  groimd  and  convo-gence 

narwaveguidc.  properties  of  the  proposed  technique  are  shown  in 

- - - - — '  ■ _ _ _ _)  [20 ,21  ].  Its  practical  examination  was  performed 

,  _  .  by  comparison  of  the  solutions  at  different  nodes' 

number  n.  The  increase  ofn  stopped  when  error  was  0.01%,  The  procedure  of  successive  approxima¬ 
tion  was  examined  by  the  rigorous  solution  Of  integral  system  (8)  and  (9).  We  also  checked  the  calcu- 
fation  results  of  ^-polarized  field  scattered  by  strip  in  half-space  [6]  and  of  ^-polarized  wave  dif^ 

fracted  by  a  circular  cylinder  fa  planar  waveguide  [13 J. 

Let's  apply  the  numerical  method  of  diffraction  problem  solution  to  determine  the  field  on  the 
mterface  y=0  atx^±oo  (wave  zone  or  far-field  pattern).  We  consider  the  particular  case  when  exd- 
talion  IS  a  noimal  incident  plane  wave 

r*(z)=exp[-/;i',3{r}]  (lOj 

or  own  waveguide  mode 


'  Fig.3  Cross-section  of  elliptical  screens  in  the  pla¬ 
nar  waveguide. 


V)=|^|Cpjt2'20^))«ppAi;r^^  xi=Xi 


wavelength;  Pjr^^^f^k*  ^  dielectnc  constants  of  the 

medium). 

Hie  nmnerical  results  given  below  coirespond  to  configuration  shown  in  Fig.3  at  ;^2^;iri=l. 5; 

_2tjrf=3.  Calculations  were  carried  out  during  slab  sounding  both  by  and  /^-polarized  non- 
attenuated  planar  waveguide  mode.  We  consider  the  transmission  Tjj^x-rH^o)  and  reflection/fyjt(x->- 

«>)  coef5cients  of  tnjch  waveguide  modes  which  are  specified  by  formula 

irw - irw  =  «p(ft.r)  *  II ^ 

where  is  Krcmecker  delta  symbol;  is  fer-field  pattern;  n^l  is  a  number  of  non-attenuated 
waveguide  modes;  is  an  index  of  the  exciting  waveguide  inode.  In  our  case  (see  (1 1))  we  have 

f=n  =1  ruM’,  In  the  layer  region  and  at  the  singlo-mode  excitation  the  squares  of  these  co- 

ef^en’ts  define  respectively  the  transmitted  reflected  (/'=l/{l|^^^  well  as  dissipated 

field  eirergy  nonnaUzed  by  the  incident  mode  power  7*"^. 

Let  the  parametrical  equations  of  contours  1.2  are  described  by  formula 

r^i^flCQs((n’— ^i)-rffisin((rr— i^7))exp[/a]  1),  “l^CSl,  (13) 

where  «  and  m  are  the  ellipses  half-axis;  /  is  a  distance  between  screens;  2i9  is  ah  angular  size  of  the 
screra  slot;  a  is  an  angle  of  screen  orimtation  relatively  to  the  y=0  plane.  Calculations  were  per¬ 
formed  when  ;j|2aH).35,  b  a  case  of  £;*polariz8tion  and  af=n/6, 

polarized  excitation. 

Ihe  J&^pQlarizcd  wave  transmission  coefficient  as  functions  of  distoice  between  screens 
and  their  curvature  £“  are  shown. in  Pig.4>  The  function  maximums  depend  on  the  distance  between 
screens  and  on  parameter  f  (ac«^  (13)  the  change  of  curvature  c is  equivalent  to  be  change  of 

size  of  screens).  Note  that  location  of  the  maximums  of  functions  slightly  depends  on  £  For  small 

curvature  e  we  observe  the 
^  to  maximum  at 

MAA  and  minimum  -  at 
/«0.27A  (  A  -  is  wavelength). 
Increase  of  size  of  screens 
causes  shi  ft  of  the  functions  \T- 
1|  extremes  to  high  frequency 
range^  The  results  of  /f- 
polarized  scattered  field  calcula¬ 
tions  as  ftinction  of  distance 
and  size  of  screens  X2^  ^ 
lustrated  in  Fig,  5.  We  see  that 
value  X2^^  which  corre¬ 
sponds  to  the  resonance  size  of 
each  screen  remains  extreme  in 
the  case  of  their  system.  The 
resonance  amplitude  slightly 
depends  on  the  distance  between 
yvYvM^^  screens.  The  corresponding 

XaW  analysis  of  energy  dissipation 

(Fig-5)  shows  that  the  single 
slotted  screen  resonance  is  the 
^^*' '**  reason  of  powerful  energy  dissi- 

Fig.5  The  H  ~ polarized  wave  energy  dissipation  as  the  function  of  screens 

distance  2'2^  8^'d  size  2^^ 


Tlius  the  general  approach  to  accurate  calculation  of  two-dimensional  electromagnetic  field 
scattered  by  the  system  of  cylindrical  screens  in  slab  is  proposed.  The  geometrical  and  physical  pa^ 
rameters  in  the  problem  are  supp)osed  to  be  aibitrary.  The  developed  numerical  schemes  in  fast  acting 
and  on-line  request  memory  can  analyz;©  the  scattering  on  screens  up  to  few  tens  of  X  by  a  modem 
personal  computer.  The  accuracy  of  the  obUined  results  above  confirms  high  effectiveness  of  the  ap¬ 
proach  and  wide  areas  of  its  application. 
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WAVE  EQUATION  OUITEN’S  FUNCTION  FOU  THE  CASE  OF  PIECEmSE 
HOMOGEr«:OUS  AND  TEiVIFOHALY  COKSTAI-jrniEBIUM 

Alexander  Nerukh 

Kharkov  State  Technical  University  of  Radioelectronics 
Lenin  av.,  14,  Kharkov,  310726,  The  Ukraine 

ABSTnACT 

A  space-time  tensor  Green’s  function  of  Maxwell’s’  equation  for  a  three- 
dirnensional  case  of  two  half-spaces  is  derived.  A  plane  boundary  separates  these 
half-spaces  and  in  one  of  them  a  peruiiltivity  changes  abruptly  in  tune  beginning 
from  zero  moment  The  obtained  Green’s  finiclion  allows  to  formulate  integml 
equations  for  an  electromagnetic  field  when  a  nonstationary  inhomogeneity  is  placed 
in  any  half-space.  The  symmetry  of  this  ecjuations  is  controlled  by  an  inhomogeneity 
alignment  with  respect  to  an  interface  between  media  rather  than  a  nonstationary 
alignment 

INTBODtlCTjON 

In  3  background  that  is  described  by  a  continuous  vector-function  of  an  electric 

polarization  Pgj{  =  ^^-(e  —  1)E,  where  e  is  a  permittivity  of  this  me-dium,  there  is  a 

region  Vjft)  involving  a  subregion  V2(t).  A  medium  in  these  cornplerhentary 
subregions  Vi\V2  and  V2  is  described  by  functions,  respectively  Pj  and  P2.  A 
function  described  a  medium  throughout  the  space  can  be  presented  in  the  form 
P~X2(P2"^*l)'t‘Xl(Pl“®*ex)^®*ex,  (1) 

Here,  xi,2  are  characteristic  functions  for  regions  Then,  in  view  of  Eq.  (1),  a 
generalized  mhomogeneous  wave  equation  for  a  vector  of  an  electric  field  E  will  lake 
the  form  [IJ 

Here,  p  is  a  background  medium  permeability,  is  an  external  electric  current 
density,  and  items  with  coefficients  that  have  discontimiitics  at-  the  boundary  of  the 
region  V2  are  referred  to  the  right-hand  side: 

’The  solution  of  Eq.  (2)  can  be  represented  by  a  convolution  of  the  right-h-nd  part 
of  this  equation  with  its  fiindaraental  solution  Gj  (Green’s  function)  [2] 

•  E  =  E6^(^.(li-^|w) 

Here,  E  q  is  a  solution  of  Eq.  (2),  whose  right  side  is  equal  to  zero,  that  is  a  field  in  a 
medium  w'hose  parameters  have  discontinxiities  only  at  the  boundary  of  the  region 
Vp  As  Eq.  (2)  involves  the  boundary  conditions  at  all  discontinuity  surfaces,  E'q 
meets  these  conditions  at  the  boundary  of  the  region  Yj. . 

It  is  known,  that  in  the  general  case  a  Green’s  function  of  the  equation  (2)  is 
defined  ambiguous  because  an  arbitrary  solution  of  the  homogeneous  eqiiation  can  be 
added  to  it  .  This  solution  is  presented  in  Eq.  (4)  by  the  item  E'q  so  in  the  following 
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one  will  be  needed  only  a  singularity  part  of  Green's  functkm  that  satisfies  to  the 
equation 

A.  ' 

Here,  P  is  ah  operator  corresponding  a  function  P,  /  is  an  identical  operator, 

5{x)  -  the  delta-function  and  x-(t,rX  ,  ,  .u 

This  equation  takes  into  account  the  boundary  conditions  at  the  surface  of  the 
region  Vi,  consequfently,  its  solution,  that  is  the  function  also  meets  these 

conditions.  .  ,  -4 

It  is  essentially  for  an  approach  used  in  this  paper  that  a  medium  nonstationarity 
begins  at  a  finite  moment  of  time.  This  moment  is  assigned  to  t=0  here.  Let  a 
medium  nonstationarity  be  caused  by  the  occurrence  of  the  region  Vi  at  this 

moment  It  means  that,  Pj  =  Then  Eq.  (5)  can  be  converted  to  the 

integral  equation 


Gj  ^  Gq4-  KGit 
Here. 


the  integral  J<ix'  is  over  the  four-dimensional  halt-space  t^.  The  operator  It 
properties  are  controlled  by  the  function  Co  properties  which  is  the  Green's  function 
of  the  wave  equation  in  the  background 


o 

4tc 


(8) 


at  the 

observation  point  As  this  functiomhas  an  integrable  singularity  in  a  four-dimensional 

space,  the  ope' '  tor  K  is  a  Volterra  integral  operator. 

As  well  as  L.  a  general  theory  of  an  integral  equation  method  [S],  a  sense  of  the 
expression  (6)  essentially  depends  on  the  observation  point  r  locating.  ^Inside  the 
region  Vj  (xi=l)i  Eq.  (fi)  is  the  Volterra  equation  of  the  second  kind  and  its  solution 

can  be  made  by  the  resolvent  R  [tj.  Outside  this  region,  (1-X1=1).  (6)  is  a 

quadrature.  So,  the  expression  for  the  desired  Green's  function  can  be  defined  by  the 
form 

Gl  =  Go+ Xi-^Xl  n  “  Xl-^)xi^* 

where  superscript  (ex)  on  the  operator  K  denotes  that  the  argumeiit 
outside  the  region  Vi  , 


where  P  »  and  t)(t)  is  ttie  Heviside  unit  functioiL 

The  carrier  of  the  function  Gn  is  the  light  cone  for  t<0  with  the  vei 
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GREEN'S  FUNCTION 


The  ^>ecific  construction  of  the  Greens  function  is  made  for  the  case  of  a 
nqnstaiionary  dielectric  half-space  bounded  with  a  plane.  In  this  case,  xi 

=  (cj  ^  l)  /  47C,  p—l.  Then  the  calculation out  by  the  formula  (9)  gives 
the  expression  of  the  desired  Green’s  function  for  120: 

Oi  =e('r4G,,B('x-l';  +  G„jerx'-i;-G„j]9('A:'J  +  G„49r-l';}+ 

+9('-i>{Grt9ri';+G,je('-i';}+er-x;q,er-x';.  „o) 

Pot  XO  Gi=Gq. 

InEq^O); 


iiPik 


G„iCx-x^M 


i^k*Lk*±k 


i<Plu 

— ^  *  vT^-i- 

vj  n 

■i^k^j.  k*±kj_ 


•  Vi  ■  -  ^(x+X') 

{ -j^  Mk, 


H-Wi 


^xA' 

Vi  V 


£xA' 

.V  V, 


where 


Gs2/x  i-x’J  =  LAx(^)e  V 


^=-n% 


Vj  -‘- 


-i^k*!  k’j.kj. 
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k*±kj,j  ‘•  -“X/ 

>  y  =mzm,  v-mzm,  i.  =fo  ?  ol 

•»  vq)  +  Vi{pi'  V(p+Vj(pi'  ^  Vj(p  +  V((>j  ^  J 

•n  _  T  _  r"^ — — ” 

^"vcp  +  Vitpi'  ^■" Vifp  +  wpj'  (pi=^jp^  +  Vi^k^,  Reipi>0,  rj^^={y,z)- 

All  Gai  functions  equal  to  zero  for  f-t’<0  by  virtue  of  its  analytical  features.  For 
the  function  Gi  transfers  to  Gq. 

From  the  properties  of  the  obtained  Green's  function  on  the  disGontinuity  lines 
it  is  follows-  the  action  of  the  Green's  function  on  any  vector  gives  a  vector  that  has 
discontinuity  on  the  line  i**=0,  but  this  discontmuity  is  caused  by  an  initial  vector 
component  that  is  normal  to  an  interface  between  media.  Ol^  the  line  x=0  only  a 
resulting  vector  component,  Chat  is  normal  to  the  boundary,  has  a  discontinuity. 

The  obtained  Green's  function  allows  to  write  out  the  expression  to  whom  an 
electric  field  satisfies  in  the  cose  when  the  inhomogeneity  V2(l)  is  placed  in  the 
medium  that  presents  two  dielectric  half-spaces  devided  by  a  plane  bounda^.  In  one 
of  them  a  permittivity  can  change  abruptly  in  time.  If  until  i  =  0  a  permittivity  in 
both  half-spaces  was  the  same  and  equal  to  s,  and  at  t  =  0  it  changes  by  jump  to  *i 
in  the  half-space  a;  >0,  than  from  Eq.  (2)  we  have  the  integral  equation Imt  t>0 


T  =  ®*0  is  a  field  in  a 

piecewise  homogeneous  medium  without  Yg.  Analysis  of  (12)  shows  that  its  specific 
form  depends  on  in  what  half-space  the  region  V2  is  placed  rather  than  where  a 
permittivity  jump  has  occurred. 

(1)  Nerukh  A.G.  and  Khizhnjak  NA.:  Modem  problems  of  transient  macroscopic 
electrodynamics  (in  Russian), ’Test-radio",  Kharkov,  (19B1)  280  pp. 

(2) ,  Vladimirov  V.S.:  Generalized  functions  in  mathematical  physics  (in  Russian), 
Moscow,  "Nauka"  (1979),  320  pp. 

(3) .  Khizhnjak  N.A.:  Integral  equations  of  maCTOscopic  electrodynamics  fin  Russian), , 
"Naukova  dumka",  Kiev.(1988),  280  p. 

(4) ,  Nerukh  A,G.:  “Refocussing  of  electromapietic  radiation  by  a  plane  boundary  of 
non  stationary  dielectric  "(in  Russian),  Pisma  v  "Zhumal  tekhmcheskoi  fisiki", 
(1992).lS(12),  pp.  47-51, 
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OTEPPED  FUNCTION  APPKOXIMATION  OF  NONSTATIONAKITY 
OF  BOUNDED  AESORBiNG  DIELECTRIC 

Ncrukh  A.G.,  Scherbinin  D.G, 

Kharkov  State  Technical  University  of  Radio  electronics, 

Avenue,  14,  Kharkov,  310726,  the  Ukraine. 

ABSTRACT 

An  electromagnetic  field  interaction  with  a  transient  conductive  medium 
bovinded  a  plane  is  investigated.  This  interaction  is  described  by  the  four¬ 
dimensional  integral  VoUerra  equation  of  the  second  kind.  The  exact  resolvent  of  this 
equation  for  the  case  of  one  time  jump  of  medium  parameters  is  obtained.  It  allow's  to 
consider  a  transformation  of  an  arbitrary  primary  electromagnetic  signal  caused  by 
lime  changing  of  medium  features.  It  is  shown  that  the  obtained  resolvent  operator 
can  be  used  to  take  into  account  a  sequence  of  time  jumps  of  medium  parameters. 

SCATTERING  OPERATOR  FOE  TILE  CASE  OF  ONE  JUMP 


Let  the  halfrspaco  x>0  be  filled  with  the  transient  medium,  that  is  cha¬ 
racterised  by  the  pcrnultivity  ep+  e(t)[e(t)-e^]  and  conductivity  Op+0(t)[<i(t)-{ifJ, 
where  6(t)  is  Heaviside  function.  The  background  is  described  by  the  permittivity 
9’=ccmst. 

An  electromagnetic  field  in  this  case  satbfies  to  the  integral  equation 

(1) 

0. 

Here, 

K(*.*0=^(vv-X^] 

is  the  kernel  of  this  equatuon,  v2=cV«'  and 

■  ■■  ■  0  ' 

F<®>(;e)=E^^+ (3) 

■■  ■  ,  ■  -oo,  jr’SO 

is  the  free  term.  ^pr  is  a  primery  field  that  is  an  arbitrary  source  field  in  the 

background,  is  a  field  in  the  halfspace  x>0  until  t-0.  in  Eq.  (3)  is 

obtained  from  Eq.  2  by  the  substitution  of  e(t)  for  Bq  and  a(l)  for  zero. 

Inside  the  non-stationary  medium  Eq.  1  is  an  integral  Volterra  equation  of  the 
second  kind  and  it’s  solution  is  given  by  the  resolvent  ft; 

00 

(4) 

0  x'itl 

The  exact  expression  for  the  resolvent  operator  of  the  3-dimensional  problem  is 
derived  in  the  case  of  a  jump  change  of  conductivity  and  permittivity  at  zero  moment 
of  time  in  the  region  a;>0.  In  this  case  e(0=6i=cotis{,  a(t)=ai~c&iwt  and  the 
resolvent  has  the  form; 
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(E(0-E')-|-  +  a(l) 


_ m 

f  -f 


t-r- 


r-r 

V 


C2) 


[  ^xj  V  -^/  ^  '  J 

Here, 

Vj_  =^-^,  ^j;  V^  is  transposed  to  ~  ^  ^j.»  t)j  =  cf ^sCO . i  is  the  unit 


matrix.  The  operators  are  equal*. 


%=^T 


a~to  0 


where  I =\[^T4no^pjBi^^ ,  Re/  S  0,  p  ^  {y.z),  Jq-  the  Bessel  function  and 
^^(p, I, cr)  is  determined  by  the  analogous  of  the  reflectance  corresponding  Various 
polarization  of  a  vector  £: 

„  V9(p  +  2a)- V2?P  .tt-  •_  vl  -V2<?  .Tr  _t?|  -  g29  ■ 

~  t«p(p  +  2a)  +  V2IP '  ^  tJ(p(p  +  2a)  +  Wp’  ^  ri  +  v^fp  ’ 


The  first  item  Rj  in  (5)  corresiTonds  to  an  unbounded  problem  and  account  for 

the  medium  features  time  changing  only  [St  The  other  items  account  for  the 

boundary  influence.  *  ,  .  .  *  u- 

Outside  the  non-stationary  medium  (x<0),  if  one  takes  mto  accovmt  Eq.  (2)  and 

C3),  Eq.  (1)  has  the  form: 


E(3f)  =  F{.?)  -f  jdt'  f 

0  .v'aC 


Here, 


O+foO  .  oO 


,2  f-V? 


VT  _.  f  ap  \  aK  u  "  -  n 


V  ti^(jp  +  20)-pp?  (O  0V  ^|-_-.p  ^p(/-r0-^/x^^  . 

+  Vjcp)  U  J 

The  obtained  resolvent  allows  to  consider  situation  when  in  a  homogeneous 
dielectric  medium  with  the  permittivity  €  the  region  i>0  with  permittivity  Zy  and 
conductivity  0,  is  formed  at  zero  moment  of  time.  In  this  case  the  frw  te^  in  the 
integral  equation  (1)  is  equal  to  a  primary  electromagnetic  field.  The  field 
transformation  is  illustrated  by  the  case  of  a  primary  plane  electromagnetic  waye 
E=£oexp[i(<B/-sf)].  All  transients  begin  in  the  neighbourhood  of  the  plane  a: =0 
because  this  plane  has  become  a  boundary  that  separates  the  background  medium 
from  the  nonstationary  medium.  As  it  follows  from  this  the  plane  x— Ujt  brea^ 
away  from  the  boimdary  at  t=0  und  then  moves  deep  into  the  nonstationary  half¬ 
space,  dividing  the  latter  into  two  regions  with  qualitatively  different  structure  of  a 
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tkld.  to  lh«  r®gk>n  x>tJit  there  of  a  plane  wave  up  two 

opposite  directed  damped  waves* 

Here,  is  the  amplitudes  depending  on  s,  o  and  e,  s  is  the  wave  number,  © 
In  this  region  the  field  does  not  depend  on  the  presence  of  the  formed 
boundary  and  coincides  to  a  field  relevant  to  an  unbounded  medium  case. 

The  region  0<x<Uit  Is  characterized  by  the  boundary  influencG,  In  the  case  of 

the  perpendicular  polarization  of  the  primary  field  {6o~  (0,0, Eq)>  ?=={Si^2,0)}  the  exact 
expression  for  the  transformed  field  m  this  region  h^ 

E(x)-Ej+Ei+e(uj/--x)E(y^e^  (9) 

Here:  E^2  ^ 

J  ^  d  Y  d 

%  ^12  ;^  ^  /5 

coefficients  that  have  rather  cumbersome  form,  depend  on  parameters  s,  a  and  z 
The  tninsients  are  described  by  the  functions  A(t,x)  and  B(tvx).  The  function  A  is 
equal  to: 

■  2  .  ' 

,  where  are  known  coefficients 

i=o 

and  4(/,x)  =  eV  | 

Here,  is  the  modified  Bessel  function,  functions 

Ajj{l,x)  has  the  continuous  Fourier-spectruiru  Monochromatic  waves  are  separated  out 
from  this  specinim  when  forms  partially  an  ordinary  stationary  wave, 

refracting  on  the. piane  boundary;  ajAi  quenches  the  wave  Ei;  o2A2  tiir^  zero, 
The  function  B  fc  equal  to; 

*=o  x/v^  ^ 

Here,  w^«-2crc^/{ej-c),  ^^*=0,  is  a  convolution,  in  which 

C(<)=(ii/)-‘'’e-r't^Erf(VT7).  l=-ir>Y, 

D(/)= i| =fwj2 -2oe,(e,  -  e)'*: 

£rf{z)  is  the  error  functioa 

When  t^oo  the  funGUon  B(t^)  describ  wave  processes,  namely:  1)  the 

l»x)cess  that  along  wth  the  one^^^d^^  by  the  part  of  the  function  A(t,x)  forms 
the  ordinary  stationary  refracting  wave,  whose  amplitude  corresponds  to  the  Fresnel 

law;  2)  the  wave  caused  by  the  reflection  of  the  wave  B2  from  the  formed  boundary 

of  the  nonstationary  hatf-space 


(t  =  1,2,S,4),  where 
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A  SEQUENCE  OF  TIME  JUSIPS  OF  MEDIUM  PAKAMETEBS 

Let  functions  e(1)  and  o(t)  after  t=0  be  given  by  the  stepped  functions: 

N  N 

s=  VE;^0(f-/jt),  a=Tcrjte(f*-fjfc).  (10) 


£^1 


Here,  e^,  are  constants,  fi  =0  and  corresponds  to  the  k-th  jump  of  medium 
the  interval  Iti,  t2l  the  field  is  derived  by  the  formulae  {2)-(4)  inside  the 

nonstatianary  mediuni  and  by  the  formulae  (6)  and  (7)  outside  it  .  .. 

The  derivs^tion  of  the  field  in  the  interval  [t2f  M  needs  to  transfer  the  rwn- 
stationarity  initial  moment  at  point  by  the  substitution  of  i  for 
appropriate  changing  of  variables  in  Eq.  2-4  the  field  inside  the  non-slalionary  will 

lake  the  form 

oO  . 

*2  r'ao 

Here,  follows  from  by  changing  for  e^;  for  aj(f ; 


x'iO 


and 


is  obtained  from  (2)  by 


One  take-s  into  account  that 

the  substitution  e,  a  for  e^,  qu-  ^  ^  ,, 

Successive  account  of  N  jums  leads  to  a  sequence  of  equations,  that  allow  to 

derive  electromagnetic  field  after  the  N-th  jump  of  the  medium  parameters 

E<^')(.?)=F<^Hx)+  (11) 

(if  X'iO  ^ 

-Here, '  ^  ■ 

#  « 


£=li 


i  *’^0 


(12) 


The  transients  in  the  region  ar<0  is  deterrnin^  by  integrating  in  (6).  ^ 

The  expressions  (11)  and  (12)  allow  to  investigate  a  transformation  of  an 
arbitrary  primary  electromagnetic,  signal  caused  by  an  any  number  of  the  time 
jumps  of  mediurn  features. 
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CHAOTIC  BEHAVIOR  in  VARACTOR  CIRCUITS 

A.  Oksasoglu 

Department  of  Electrical  Electronics  Engineering 
Qukurova  University 
Balcali ,  Adana  TURKEY 

Abstract  Chaotic  behavior  of  a  varactor  circuit  with  quasiperiodic  excitation  is  studied.  It  is 
shown  that,  compared  to  a  single  frequency  forcing,  a  quasiperiodic  input,  such  as  an  amplitude 
modulated  signal,  can  cause  a  considerable  drop  in  the  threshold  for  chaotic  onset.  Analytical 
conditions  for  chaos  to  arise  are  also  obtained. 

introduction  It  has  been  repeatedly  demonstrated  that  chaotic  oscillations  can  arise  in  varactor 
diode  tuning  circuits  similar  to  the  one  given  in  Fig.  1  with  a  harmonic  external  force  i(t)  =  hcosut 
(c.g.  [1]):  The  chaotic  oscillations  appear  here  via  the  periGd-doubling  bifurcations  of  the  period 
y  “  Sy/cfc^.  Such  chaotic  oscillations  can  arise  only  in  substantially  nonlinear  systems  when  the 
amplitude  of  the  external  signal  is  usually  considerably  larger  than  the  value  of  biasing  voltage, 
in  which  case,  the  circuit  loses  its  resonance  property.  However,  such  high  values  of  amplitude 
are  not  typical  for  most  practical  systems,  and  therefore  chaotic  behavior  is  usually  ignored  when 
analyzing  the  stability  and  noise  performance  of  such  systems.  The  situation  is  quite  different  when 
real  signals  containing  several  independent  frequencies  are  considered.  In  this  paper,  we  show  that 
chaotic  instability  can  manifest  itself  in  the  weakly  nonlinear  limit  for  practically  low  amplitudes 
of  the  forcing  function. 

Analysis  To  illustrate  the  above-mentioned  case,  we  consider  an  amplitude  modulated  input  f(<)  = 
/o(l  +  TO  cos  fit)  cos  wt.  The  varactor  diode  in  Fig.  1  is  modeled  as  a  parallel  combination  of  a  p-n 
junction  transition  capacitance  Ct(1^)  =  Cto(1  +  /V^)-r  and  a  nonlinear  resistance  whose  i-  v 

characteristic  is  tR  ^  f{Vj)  ~  I.[exp{KVj)  -  1)  (see  [2]  for  details).  The  junction  voltage  V}  is 
the  sum  of  the  biasing  voltage  (not  shown  in  Fig,  1)  and  the  ac  component  v.  The  equation 
describing  the  circuit’s  behavior  can  be  given  as 

+ jy»rff  +  /(l^)  +  ^^=^  (1) 

Since  we  consider  a  weakly  nonlinear  system,  it  is  possible  to  look  for  solutions  of  the  form  v{t)  = 
Acos(u>t+4i),  where  A  and  ^  are  slow-varying  functions  of  time.  By  using  the  method  of  averaging 
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Here,  r  =  wi/2Q,  P  =  0  =  SQn/w.  A  =  2Q{w  ^{Jq)Iu,  where  Co  =  Cto(1  ^  Va/V^)*'*^, 

u^o  and  Q  are  respectively  the  natural  frequency  and  the  quality  factor  of  the  circuit,  and  ^  3= 
(3/,  A^(8Cow)^^cxp(AVa),  6i  -  {l/S)Qj{y  ^  -  Vb)~’  arc  the  parameters  of  the  dissipative 

and  reactive  nonlinearity,  respectively. 

As  can  be  seen,  the  system  (2)  can  exhibit  no  cheiotic  behavior  in  the  case  of  harmonic  forcing 
(m  =  0),  since  it  is  reduced  to  a  two-dimensional  autonomous  system.  This  means  that  chaotic 
oscillations  cannot  occur  in  the  weakly  nonlinear  limit  with  harmonic  excitation.  However,  when 
m  ^  0,  this  system  can  demonstrate  chaotic  behavior  in  a  finite  region  of  system  parameters.  The 
fact  that  chaotic  states  arise  in. the  averaged  equation  means  that  chaos  can  arise  in  the  original 
system  (1)  regardless  of  the  degree  of  nonlinearity.  In  order  to  find  the  condition  for  chaos,  we  use 
the  method  of  current  Lyapunov  exponents  and  Melnikov  technique  [4,5].  As  a  result,  for  chaos 
to  arise,  the  maximum  value  of  the  voltage  across  the  diode  max{t;(<)}  =  Vmax  must  exceed  the 
threshold 

-2^-'/*  (3) 


We  see  from  (3)  that  the  threshold  for  chaos  increases  as  p  increases,  and  when  P  >  ^i/\/3,  then  no 
chaotic  oscillations  can  arise  for  any  values  of  the  external  force.  Hence,  we  can  say  that  reactive  and 
dissipative  nonlinearities  play  quite  different  roles  in  terms  of  the  circuit’s  stability  performance. 
Since,  for  most  practical  diodes,  ^  is  much  less  than  due  to  the  reversed-biased  operation  mode, 
the  condition  for  chaos  to  arise  is  not  stringent.  Neglecting  we  can  rewrite  (3)  in  terms  of  the 
actual  diode  parameters  as 


As  an  example, let  us  choose  7  0.5,  =  0.3V,  which  are  typical  for  some  diodes,  then  for  the 

biasing  voltage  Va  =  ~2V,  and  Q  sz  100,  we  find  that  chaos  can  arise  when  >  0.75V  (or 
Iq  >  (L75/R  A)  \  which  is  less  than  Vg  in  magnitude.  It  should  be  noted  that  increasing  Q  sharply 
decreases  the  threshold  value  for  chaotic  onset.  By  analyzing  the  original  system  (1),  it  can  be 
shown  that  this  threshold  value  is  lower  than  that  of  the  harmonic  excitation  case  by  a  factoi  of  Q. 

When  (4)  is  met,  chaotic  oscillations  can  arise  in  some  region  of  Q  and  m  variations.  A  typical 
two-dimensional  bifurcation  diagram  in  parameter  plane  m  —  Q  is  shown  in  Fig.  2.  The  most 
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dangerous  case  in  terms  of  chaotic  instability  occurs  when  0  ^wq/Q.  The  typical  road  to  chaos 
is  the  period-doubling  bifurcations  of  the  period  of  modulation  7n  =  which  corresponds  to 

the  destruction  of  two-dimensional  torus  in  the  original  physical  system.  Since  the  bandwidth  of 
the  chaotic  oscillations  has  the  same  order  as  that  of  the  original  system  (uq/Q)^  the  resonance 
property  is  preserved. 

Conclusion  The  results  obtained  show  that  the  stable  operation  of  the  resonant  varactor  circuits 
under  harmonic  excitation  will  not  necessarily  hold  under  multi-frequency  excitation.  In  the  multi- 
frequency  case^  chaotic  instability  arises  under  weakly  nonlinear  excitation  conditions,  and  thus  can 
exert  strong  influence  on  the  stability  and  noise  performance  pf  practical  systems.  Qualitatively, 
these  results  do  not  depend  on  the  type  of  the  external  forcing,  i.e.,  being  amplitude,  frequency 
or  phase  modulated.  One  other  aspect  worth  mentioning  here  is  that  increasing  the  dissipative 
nonlinearity  is  a  promising  way  of  preventing  the  chaotic  behavior  of  sucii  systems. 

REFERENCES 


[1]  P.  S.  Linsay,  “Period  Doubling  and  Chaotic  Behavior  in  a  Driven  Unharmonic  Gscillator,’^ 

Rev.  lea,  vol.  47,  no.  19,  pp.  1349-1352,  1981. 

[2]  R.  W.  Landee,  D.  C.  Davis,  and  A.  P.  Albrecht,  Eiecironics  Designers*  Handbook,  StconA 
Edition,  Me  Graw-Hill:  New  York,  1977. 

[3]  N.  N.  Bogoliubov,  and  Y.  A.  Mitropolski,  Asympioiic  Meihods  in  ike  Theory  of  Nonlinear 
OscaViafions.  Gordon  ^  Breach:  New  York,  1961. 

H]  D.  M.  Vavriv,  and  V.  B.  Ryabov,  “Current  Lyapunov  Exponents  and  the  Conditions  of  Chaos 
Arising,”  ZL  VyskisliL  Mai.  /  Mai.  Fiz.  ,  vol.32,  pp.  1409-1421,  1992. 

[5]  V.  B.  Ryabov,  and  D.  M.  Vavriv,  “Conditions  of  Quasiperiodic  Oscillation  Destruction  in  the 
Weakly  Nonlinear  Dufting  Oscillator,”  PAys.  Lc/f,  vol.  A153,  pp.  431-436,  1991. 


w  .1  I - 1  ; - 1 - T - 1 - ^ - 1 

0  I  2  3  4  S  fi  6 

Fig.  2.  Bifurcation  diagraun  of  regimes  of  the  nonlinear  circuit  in 
the  plane  of  paxamcters  m,  fl.  The  chaotic  region  is  dotted.  Line 
of  the  first  period  doubling  bifurcation  is  indicated  by  A  =  4, 
P  =  LS5V,  7  =  0.5,  V^,  =  0.3V,  V3  =  -2V,  Q  =  100. 
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A  Duality  Relationship 

between  Scattered  Field  and  Current  Density  Calculation 
in  the  Yasuura  Method 

Yoichi  Okuno 

Abstract 

After  aa  bitroductioa  to  the  Yasaunt’s  mode-matcliiiig  methods  for  solving  boundary  value  problems  to  the 
Helmholtz  equation  in  komogencotts  media,  a  duality  relationship  will  be  established,  the  relationship  which 
holds  betw^n  scattered  held  and  current  density  calculation.  Although  the  methods  of  calculation  have  been 
explained  separately  as  a  least-squares  boundary  residual  method  (scattered  held)  and  as  a  leasUsquares  ap¬ 
proximation  for  an  unknown  target  function  (current  density),  they  may  be  understood  as  a  technique  to  hnd 
a  stationary  point  of  Rumsey’s  reaction  between  the  incident  wave  to  and  the  scattered  wave  from  a  per¬ 
fectly  conducting  obstacle.  This  will  make  dear  the  hidden  structure  of  the  methods  and  will  facilitate  the 
understanding. 

X.  inHoduction  io  the  Yasuura ’s  Methods 

Here,  we  bneiy  see  what  are  the  Yasuura’s  methods  taking  a  2-D  B- wave  scattering  as  an  example.^ 

s 

•  r 


X 


Figure  1:  A  2-D  obsiade  with  an  incident  wave.  The  total  length  of  C  is  assumed  to  be  1. 


Formulation  of  the  problem.  Consider  a  2-D  obstade  made  of  a  perfect  conductor  shown  in  Fig.  1.  When 
a  plane  E-wave,  ir(r)  =  «iF(r)  (  F(r)  =  cxpf-iJbr  cos(^  -  i)] ),  is  incident,  a  surface  current  A'(s)  =  UjK{s) 
tows  to  induce  the  scattered  wave  E*(r)  =  u,^(r).  The  ^(r)  function  satisfies  the  Helmholtz  equation 

V''«^(r)  +  ic^^(r)  =  0  (r€S),  (l) 

the  radiation  condition,  and  the  boundary  condition 

f(s)  =  /(s}=:^F(s)  (0<,<1).  .(2) 

Here,  1  =:  2x/A  is  a  positive  wavenumber  and  i  is  the  angle  of  incidence  shown  in  Fig.  1.  The  current  density 
A"(<»)  is  in  proportion  to  the  total  magnetic  field  on  C  and  is  given  by 

J^(s)  == -.(tw/x)“^M(i)/an  = 

For  simplidty,  we  omit  the  coeffident  and  term  the  function 

j{s)  ^iuffiK{s)  =  d^s)/dn  (3) 

the  current  density. 

Y.  Okuno  U  with  the  Bep&rtment  of  Blectricol  Engineering  and  Computer  Science,  Kumamoto  University,  Kumamoto  860, 
Japan.  Fax.:  •+‘81-86-345-1553.  E-mail:  okunoOgpo.kumamoto-u.ac.jp 

^The  details  may  be  found  in  references  from  (1)  through  (3).  Although  we  do  not  include  in  this  small  article  the  relationship 
between  the  methods  with  the  smoothing  procedure,  we  can  easily  modify  the  discussion  below  in  order  to  hnd  it. 
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A  method  for  Anding  ♦(r).  Let 

(m  =  0,  d:l, . .  •)  (4) 

be  the  modal  fuctions.*  The  set  of  functions  meets  the  following  conditions:  1)  Each  fuaction  U  na  out¬ 
going  solution  to  the  Helmholtz  equation  in  S;  2)  The  set  of  boundary  values  is  complete  in  H  s=  ^^(C). 

An  approximation  to  the  scatter€Ki  field  is  defined  as  a  inite  linear  combination  of  the  functions: 

*/»(»•)=  53  -A- WVmCr).  (5) 

The  unknown  coefficients  A,* (AT)  ore  determined  so  that  the  meon^squarc  error  on  the  boundary  condition 

Cw  =  ||*w-/Il*  (6) 

becomes  miniinaL  Such  coefficients,  theoretically,  may  be  obtained  by 

HA^f.  (7) 

Here,  JET  is  a  (2N+ 1)  X  (2-/V4: 1)  positive  definite  Hermiteon  matrix  whose  elements  ^re i^ntr  products 

between  and  A  is  a  (2A^+  l)'dimeiisional  column  vector  with  the  elements  A»(A^);  and  /  is  a  (27V  + 1)- 
dimensiond  right-hand-side  vector  consists  of  We  can  prove  that  the  sequence  of  approximate 

solutions  obtained  by  the  method  above  converges  to  the  true  solution  uniformly  in  wider  sense  in  S. 

A  method  for  Anding  i(s).  Define  an  approximation  of  ;(r)  by 

'  N  '  ■  '  _ 

jvw  =  53 

The  Cm  coefficients  are  determined  so  that  JnCs)  be  the  best  approximaliGn  of  ;(s)  in  the  mean-squares  sense 
Minimize  the  distance  "  ill*  This  leads  us  to 

(9) 

Here,  O  is  a  (2Ar  +  l)-dimcnsional  row  vector  whose  elements  are  C«  (TV)  and  {^  denotes  a  (2Af  +  l)“dimcnsional 
vector  whose  nth  element  is 

(10) 

The  quantity '<  F,  v’,*  >  is  a  particular  form  of  the  reaction  introduced  by  Rumsey.(4)  Because  F(r)  is  a  plaac 
wave  and  V!’»(^)  IS  given  by  (4),  we  have  <  F,  >  — -'4icxp{in(t  +  »/2)). 

2.  A  Stationary  Representation  of  the  Heaction 

In  the  figure  below  we  show  two  incident  waves  F^^^{r)  and  F^^(r),  and  corresponding  scattered  waves 
^(0(r)  and  The  scattered  waves  satisfy  the  Helmholtz  equation  in  S,  the  radiation  condition  at 

infinity,  and  the  boundary  condition 

\^^‘>{s)  =  -F<‘>(3)  (f-1,2)  (U) 

on  C. 

DcAnition  of  the  reaction  and  a  quadratic  form.  Let  us  define  the  reaction  between  two  wave  functions 
ip{r)  and  V'(r)  by 

<Ap,ilt>zz  J  y{s)d^3) /Bn-- ^s)dtp{s)/^^^  (12) 

The  reaction  between  F^*^  and  is  equal  to  one  between  F^^Vand 

'  J=  -  (13) 

*Thij  U  *n  «ampl«  of  the  i«t  of  exterior  mod*l  funclloM,  which  it  an  ensemble  of  function*  satisfying  the  requirements  bdow. 
It  U  often  recommendable  to  employ  another. set  of  modal  functions  such  as  monopole  fields  whose  source^  are  located  inside  C. 

^TheimpJemcnlatlon  of  numerical  computation  requires  a  dlscrctizlng  proccdurc,  which  it  not  less  important  than  the  analytical 
treatment.  See  (3)  for  example. 
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<  F,  V,  >  =  lF{»}dv,{s)/dn -v^{_»)dF($)fdn]<U. 


FigiiTe  Iiiddeat  •11^^  and  and  corresponding  scattered  waves  and 


Use  of  tKe  &ct  Uiat  tlie  icaetion  between  outgoing  waves  and  one  between  incoming  waves  are  zero  yields 
altemative  Tepresentations  of  J  sncb  as 

Here,  and  denote  tbc  total  field  defined  by  =  F^‘^(r)+  (i  =  1, 2). 

From  (13)  and  (14)  we  b*^ve  <juadratic  form  of  J: 

J  =  -<  F<’>,  >  >1  <  >  .  (15) 

Here,  the  relationsliip  <  tpi  it>  =  —  <  V'l  V*>  is  used.  Making  use  of  the  boundary  conditions  4^^*^(s)  =:  0  (t  = 
1,2),  we  can  modify  the  rigKt-k and  side  of  (15)  to 

J  =  -<f<»>,  ^ (16) 

Proof  of  statlonality.  Let  ns  now  show  that  (16)  is  a  stationary  representation  of  J  for  any  permissible 
vartailon  of  ^^^^(s)  or  0$^^^(s)/5n*  First,  we  assume  a  small  variation  in  d^^^^{s)fdn  and  denote  it  by 
^{5$^^^(s)/9n}.  Then,  taking  the  first  variation  of  (16),  we  have 

+ J  ii,(i){s)d3  =  -<F<^\¥^>  >  T  di. 

Jo  dn  Jo  \dn  Jo  dn 


Because 


dn 


the  second  term  on  the  left-hand  side  of  the  variational  relationship  above  is  equal  to  the  right-hand  member. 
Consequently,  we  find  that  =  0. 

Second,  we  assume  a  small  variation  in  ^^^^(s).  Taking  the  first  variation  of  (16)  and  making  some  manip¬ 
ulation,  we  have 

SJ  +  J  f  >  f'  d,. 

Jo  on  Jo  •'0 

Because  must  be  the  boundary  value  of  an  outgoing  wave  function,  the  reaction  between  and 

is  zero:  5^(2)  >  _  0.  Hence, 

<ir<i),f$(2)>  =  <$(0  5^(2)>__  (18) 

Jo  on 

Combining  this  equation  with  the  variational  relationship  above,  we  have  5J  =  0. 

It  is  noted  here  that  (17)  and  (18)  are  fundamental  relationships  for  finding  the  scattered  field  and  the 
current  density,  respectively.  That  is,  if  a  radiative  solution  of  the  Helmholtz  equation,  say  ^^^^(r),  satlsfiei 
(17)  for  any  possible  variation  ^[5$^^^(5)/5nJ,  then  the  is  the  true  solution  of  the  problem.  Conversely, 

if  a  current  density  d^^^\s)/dn  satisfies  (18)  for  any  permissible  variation  ^4^^^^(s),  then  the  33^^^^(i)/5a  s 
the  true  density. 


S,  A  Duafity  between  Scattered  Field  and  Current  Density  Calculation 

Tie  permissible  variation.  5[94-<*>{r)/Snl  or  in  principle,  skould  cover  tie 

tie  contLt  of  tie  Yasuura’s  methods  stated  in  1.  wc  have  made  use  of  tie  completeness  of  the  set  of  boundary 

values  of  modal  functions. 

The  method  for  the  scattered  field.  In  1  we  have  defined  m  appreodmate  solntion  by  (5).  'nai  the 

valne  of  oar  approximate  solntion,  belongs  to  a  subspace  of  H  spanned  by  {v«(s);  m  _  0.±l. .. . .  ±iV>. 

Snbstituting  » To'- >»  (17).  we  have 

Of  coarse  this  equality  no  longer  holds  for  any  possible  variation,  and  we  should  pve  the  meaning  of  the  «gn 
of  equality.  It  is  natural  that  if  the  b  so  restricted  as  stated  above,  then  the  variation  m  the  current 

density  covers  a  snbspace  of  H  spanned  by  {v>*  (s)  =  rn  =  0.  ±  1 ,  • .  • ,  }.  Hence,  setbag 


f  — 1^  =  VaCs)  (m  — 

Bn 


wc  have  a  set  of  linear  equations  (7)  for  finding  tlic  coeffidents. 

The  method  for  the  current  density.  Because  the  in  (18)  must  be  the  boundary  vdue  of  « 

outgoing  wave  function,  let  ns  set  5<I-‘^>(s)  =  ("»  =^0^- - • . ±Ar)-/t«.  « 

current  density  should  be  inside  asubspace  of  H  spanned  by  m-  0.d:l....,±iV}.  Hence,  if  we  define 

an  approximate  density  by  (8),  WC  have  (9)  from  (IS). 

The  duality.  Let  us  now  set  F<‘)(r)  =  F(«(r)  =  F(r)  and.  hence.  «“)(r)  =  =  «(r>  and  = 

the  discussion  above.  In  the  circumstances  the  quadratic  foim  (15)  taiei  the  form 

'  J  =  -<F,4'><*.F> /<♦,♦>. 

Reference  to  (16)  ©ves  an  approximation  to  J.  which,  in  vector-matrix  notation,  may  be  represented  as 

Jw»-(flA)(C/)/CffA.  (19) 

It  is  easy  to  show  that  A  and  C,  which  respectively  are  the  solutions  to  (7)  and  (9),  mshe  the  representation 

f  l9)  stationary.  We  can  conclude  that  if  we  examine  the  methods  in  1  from  the  viewpoint  of  reacUon 

they  are  nothing  other  than  procedures  to  find  stationary  poinU  of  the  Jt,  given  in  (19).  Similar  duality  holds 

between  the  methods  with  the  smoothing  procedure. 
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DlkBOTaS^  1-1,  Petrodnmts,  msS4  St.PeteM>xiss,  Pamm 

ABSTRACT 

ck^  iofetkiB  ci  %  Riemean-EObert  probkm,  »  t^!PKliiaKs®k)aal 

«Li«rac4sM  jsoyssn  tsr  m  wsve  fisld  excited  by  »  Use  eocics  m  m  eysi&a.  of 

»  F^  td  qesffter^sscei  m  hsK^paca  iUlad  with  feotropk  hesjij-aiscs*  msdia  k 
•ocaratey  redoe&d  to  a  eca«ar  oaesisiseassks-asi  ictegrol  eqeatioa  (d  4hs  I^^Jheha’s  typ® 
commmBt  «»  both  emnackal  ead  aaslytical  eppiokdie*. 

IHTRODUOTION 


Thk  pa|w  ebctromagastk  diSractiaa  by  a  eyetem  of  coapkd  zectaasslar 

k  of^impGrteace  to  predict  the  kfasaee  of  a  ctep-lihs  nsa^rial 
d^c<^tmi!lly  _c»i  radk^ys  pK>p$^k>a  oyer  a  ^  fist  prbce  [ll  ee  wdl  as  ob 
E^o^^/Mfht  Katteriag  jssctbES  in  opea  dislsct^  mvs-jmsos  ead  r^omt<aw 
cr<^io^  there  ere  no  csect  coktiosa  ia  esy  cbssd  form  £(x  thk  class 
^  diaactm  i^obkim  (see,  for  ezaaipfo,  [4,5]).  Ia  cfossh^  w^orks  oC  V.A.Fock  utd 
oa  coastal  rd^foa  of  redfo-wmyes  [l]  ea  epproskaafo  cofotfoa  hsg  beoi 
corseted  by  ej^lyias  impedmos  boaadary  oomitioss  oa  oat(»  foc^  of  the  wed-es. 
ei^jsoachss  baBsd  oa  oariain  phyeksilly  re&soa&bls  ejmplhlrmtifmff  pog^bk 


ft^e  pro..a33a  to^^eass  of  tyo-fessaosd  kte^al  ©qaatica*  (la  ^h  coordlaste  aad 
^s®«s}  that  prote  to  be  foaitfol  for  geaersl  thsoretlaal  eEdjek  bat  coiaS^rKKae 
f*  For  ei^tropk  media  with  a  epedaj  i^ractare  of  th«r 

perm»tmty_t©iis>M»,  cae-^Ei^nEi  ^em^uiar  fotc^rsl  cquEtmas  hswe  boaa  dsdocod 


la  wh^  ^  c£  tue  s&ctszmks-  wsdfess  k  p^rfoctly  coisdcctiHg  [10-12],  Aiiporoas 
app&ab^  to  the  gssesai  wriuck  m&uces  the  di£iactioa  proHsa  to  a  ^?stem 
ot  Bl^rai-t^ctpa&i  cqaaiKKia  h&z  bsaa  propo^sd  reesat^  {1S,14J.  Their  asymptotic 
5“  ^  *®  yarioafl  physical  prohl^  have  bosa  d^auasd  in  a  namber 


ZTi - T - r  ^  wEica  resm-is  la  oBtsmisg  eaoKlimaasKjaal 

Fr^oaas^t^,  ppsaijls  hr  aasiytical  and  Eamsrkal 
teestosffife  [18],  Ib  lEptrste  the  possibmtK*  bemg  o&s&i  by  the  tsdmfoae,  the  miper 
d^sibp  tee  weye  £ei^  propz^mg  over  aa  efectricidly  nonaniformwSsce  as  w^m 
mmtod  bam  oertem  dieldctrk  stractures  (both  b»-free  and  aiaatbiag). 

STATEMENT  OF  TEE  PROBLEM  AND  MAIN  RESULTS 

Let  p  sappoie  th^iii  the  Cute^aa  «)ordaste  system  (e,  y,  i)  a  h<K:K>?®t«>G8  feotreofe 
^oiom  ot^ptes  the  apper  haif-epeM  (p  >  0)  wrhsreas  tie  h’^cz  hsl-r^^k  devidsd 

f c  <  C)  aad  E^t  («  >0),  HIM  mih  dik^  feotrojdc 
maten^  two^i^nd  aermomcal  (c©j5(-iu;t))  wave  LeH  erdted  by  a 

hne  socice,  mhnitfy  kmg  ana  naifonn  in  s-dirKtioB,  bested  U  a  pdnt  «  =  «o,  y 
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csa  he  ilkrcngji  tho  fcEctk^a  0(s,  soi  9>  fb)  of  tlws  Edsnholls*  eqts&tm 

vliidi  nses&s  tnasitksi  cc^dHkmf  [(?]  =  0,  =:  0  ai  trraj  mciex^  booaduj 

(&qas»  biEidssts  ds2Qt^  tlia  jiurtp  cf  ilis  qcsstitj  tlsa  boasidaxy,  ^  b  tltfl  sonoal 

d<^vs^iTO  witli  respect  tlis  boundary)  togc^hsr  ■with  pn^>ar  canditk^  ^  the  edge  [2flj 
•cdisisity.  la  pogtk^  cf  the  EtrECtara  the  parargatera  It,  §  taha  difereat  eawee  hj, 

fi,i—  1.2>S,  with 6/  5=  |=  6/ia  j5r-pokris^k>a«^(G«vF,)oc#^  =  |»/ 

Bi  E  -pcksksticsi  CSS3  whszo  fj ,  ftj  being  coa^las  p^mittmtio*  «id  paxaealxatias  ot 

the  issdia  (J  ~  1  for  the  upper  hsJf-cps^s  end  t*  s=  2, 3  Ibr  the  Ml  sad  xi|^t  qaaiter- 
^^033,  respectively).  Nc^^sro  ccaducti'vitlss  df  tha  media  sza  aflewmed  hesmaafter  to 
Tnalnw  clssz^  tKfl  m^homaticsl  procediize  to  be  used.  - 

Repatesmt  the  wave  fia^  acett^ed  from  the  boandazy  9  s  0  iato  the  airier  halfepMe 
throash  the  Foarkr  hitesral 

G+  =  y  e^*»  +  *'hW»A+(Odt  (2) 

■  '  .  ,  — a»  • 

•sd  the  wa've  fieys  eealta^^  into  the  lower  heir^ie^  throagh  the  folbwiag  expeBMoa 

0.=  y  (B(<)toi(«,Oe“*'’^^^^*  +  C(i)s^^^^  (1) 

0 

with  Tj(<)  =  ^1^  ~t*,  Jm(7/(1))  >  0,  /  =  1, 2,3  [13,14].  The  q>ectrel faiwiimie 


le***  +  fii(Oc“***.  tf*<0,  ifr(t)«Ti(<)-l. 

,  /Ta(<)e-<*V<*  +  4*,  if«  <0, 

(M)  =  V  , 

le“***  +  /la(t)e***.  if«>0, 


,  .  if.<o.  r,(«)=-— 2__, 

»3(M)  =  <  t+«M0*+r  , 

le-«*  +  /la(t)ei**.  if«>0.  11,(0  =  r,(<)  - 1, 

f*  =  -  Ht  tfm  -  Bi/em,  j,  m=  2, 3,  /m(V<’±«*)  ^  O.compoee  »  oompbto 

ol' b^B  fimrtioas  [ISj. 

Esps^sntsd  by  £q.(0i(2)i  for  azbHr^  oocUcses^  -^4(0,  J9(f),  C(0>  fametkaB 

EdhaholU*  eqaatk^B  (1).  ooaditioae  at  ia^aity,  arc  tra^tka  eoadiUope  aloag 
the  ooBsmco  &ce  of  the  wedges.  Tb  lasst  ccaditHsas  at  the  edge,  these  eoe^cieate  are 
reqoized  to  be  of  o^er  e{f“^)  whoi  t  -*  00.  Thea  sabetiintiEg  (2),(3)  iato  the  rast 
of  treastka  cojaditka*  failo^;^  by  elhniBatkm  of  i?(Oi  f7(t)  leads  to  the  system  of 
iategral  -faactkmal  eqaaiioos  [13,14] 

v+w+«iH)»>'^(-o-n(-i)*-(-v^^)=/iW+fcA,  (4) 

*-(-0 + Ji,(-<)#- W  -  r,H)y+(v'PT?)  = /,W  +  a.  A, 
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'  f  €  wlisro  wiSE  enstK?th  ten^:el3  ssd  f^(i) 

ghnen  fcmctk>ma  cf  the  ficSd,  p  =  l,  -2.  ftiBctbis^  ^*’(0»  m  tlie 

mpp^  ms^d  loTOX  feal^pfei^s#  of  ike  co^plss  i  respecik^V;  co^iect^d  trftia  tl^ 

icmrier  iTms^scm&&m  <d  tie  scatt^sdug  field  tkio^gh  ihe  rekiioa 

/  (x-trKr-l-iO)  +  J?(;^^b;d))  * 

— «0 

wiisse  wpxad>€3m  dtrlD  ^aow  tke  di^p&^e^smtd  c^ihs  pdo  r  =s  (  mtk  to  tko  cmtoor 

dT  i&ieg^^atHs&iL  Fimeikm  A(i)  c^  l>e  v^ttea  ia  idtl^  two 


X*{i) 


X-H) 


i  TiW +fi»Tfe(0  Ti(0  +  ftJifsW 

hte&ssi  X^(i)  «re  iatrod^ced  as  certain  sohtioas  to  t&e  eGr7^p<m<iiiig  i^ekHdbrtioB 
•  ^obl«ni  <  €  (— TO, +oo). 

1  Jie  met&od  for  handlks  Eo.fd)  k  tke  folkjwms  tCTsi-mvi^oa  osocsdt?™  Il8l.  Candt^e^ 


tre  r^arded  as  c^eln  kno\m  fonctioss  i^,a(t)  lasetiag  tke  n^loas  t)  « 
■®t,*W#i,s(0*  Applyissg  Csachy  <^;Msr&k^  to  e^:di  of  tfea  e^neiloB®  of  tise  siudlkzjr 
gpmessn  prociBC^,  ost  zearrssgcsssat  of  tka  costror  int^prsls,  its  cz&ct  ^}ctk>Qs  in  tkc 
Sosm 

Whea  TOmbiaad  nacordiog  to  (6),  Eq.(6)  Isad,  ca  enbrtitntioni  a„(t)  =  /,(*)  + ^LAi., 

_ A _ *A _ T _ i*  0  _  *  Mf  A  /-V  «  •  «  •  ^ 


wkese  Xo(<)  —  «^“"*t*o+*'7i(0^)/(’^*^**Tl  (f))'  Thk  oqantkjsi  kss  n  fonn  of  an  integral 
eqnatkn  of  the  aerond  kind 

+*  '  ■ 

■A(t)  *  /(<)+  J  E{i,T)A(T)iT,  <  €  (—TO, -fro),  (7) 


with  a  imooth  hentd  bdsg  d^ieued  aa  the  som  E{t,T)  »  ~-r  (/j(t,  r)  + /»(<,  t))  of 
the  omkmr  int^rak 


f (  1  -RiC— (hs^iC— Ti)  \ 

«*■'>-*,.-/  Ar-(n)(n-»)  U-r--^r+r+73r777r’'’ 
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Tu 


(1  __  .RtCTt)  jP^TsCn)  \ 

Ti-<  n+T  ■^/rfT^—rJ  * 


where  ccatoore  Fj^j  eaveJcp  the  httisch  Me®s  Im{‘y2.si^))  —  0  fesaed  oat  of  the  points 
ri  =z  — fcj,  fts,  n^ectively.  Depending  ca  Eoaros  loc^ioa,  /(<)  k  giTOa  iho  formoks 

^  .  M,  Mt)  T  Mr)  (  RMr)  ««W  Vj/ 

/(<)  -  -foW  +  5^-  y  AW  \;r7rio  -  fZl+a j 


Jl-,(‘)= 


%»{<)+ 


,  if  Jb  >  0} 


Axi  J  \X-{T){T^  i-i 


?332i(t)/i( 


0)  Jir+(^/i^^)(f 


,  A(<)  A  /  gyraCO/aCr)  .  3/a(-7)  \  , 

■^4«  y  I  jc-(-v/^+iJ)(<  +  v/;r:i:^2).'^  jf+(r)(r -t + io)  J 

if  fb  <  0. 

Literal  equation  (8)  premdes  known  solntiona  in  the  limit  case  of  qeadstatiea  (ty  0, 
i  =  1|2,  3)  {2l]  63  wen  ns  in  the  ense  of  homogeneous  half'epece 
*»  r  *»)•  For  p^ectly  cosdactmg  quater-spsce  (/m(h$)  =  oo),  it  proves  to  be 
eoasi^^t  with  convolutbu-type  integral  eguotious  obtained  by  Mn&sror  and  Sosoaor 
(10].  In  general,  Eq.(8)  is  Medholm’s  type  and,  consequently,  hes  oine  and  only  one 
Mlntba,  trivial  if  /(i)  =  0.  Vi^sa  t  -*  oo,  its  t^lnti-on  is  of  order  where  oq 

is  a  con-negative  root  of  a  Mebener’s  type  equatba  fipom  strip  0  <  i^(ari)  <  1  [20-23]. 
H  paremetsrs  either  Ipisj  or  |(g3  —  f3)/(  e3  +  f2)It  |(^  —  fe2)/(i3  +  ej)|  ^  «2:^ 
enjongfif  tliezi  Nenmannk  procedure  caa  u^ed  to  gat  approom^  fiolutioBs  of  £q.(8) 
in  the  form 

A(i)  =  /(i)+A/  +  A^/  +  ... 

giving  eonvex&font  and  justiS^  rapresantaliona  of  the  fimetioa  appEcabk  to 

analke  a  broad  spactrum  of  ekctromE^etkal  probleim  [l3,lS*17]s 
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ABSTRACT 

The  asymptotic  behavior  of  the  solutions  of  the  boundary  value  problem  for  Ginzburg- 
Landau  equation  in  domains  with  complicated  boundary  is  considered.  It  is  shown  that  the 
limit  function  is  ihe  solution  of  some  modified  boundary  value  problem  considered  in  the  simple 
domsun. 

INTRODUCTION 

Since  early  60s  a  considerable  number  of  papers  devoted  .to  homogenization  of  partial  differ¬ 
ential  equations  describing  various  physical  processes  in  strongly  inhomogeneous  media  were 
presented  (sec  for  example  (1-5]).  Such  media  possess  of  local  physical  characteristics  endur¬ 
ing  rapid  oscillations  in  space  and  therefore  corresponding  differential  equations  either  have 
rapidly  oscillating  coefficients  of  are  considered  in  strongly  perforated  domains.  The  compli¬ 
cated  structure  of  strongly  perforated  domain  does  not  contribute  any  additional  difficulties 
to  the  question  of  solvability  of  boundary  value  problems  in  such  domains  but  the  determina¬ 
tion  of  the  solution  is  practically  impossible  either  by  analytical  or  by  numerical  approaches. 
However,  if  the  characteristic  sc^e  of  the  microstructure  of  the  medium  is  much  smaller  than 
the  scale  of  the  domain  in  which  the  process  is  studied  then  the  homogenized  description  of 
the  process  may  be  proposed. 

The  present  paper  is  related  with  homogenization  theory  in  strongly  perforated  domains 
and  devoted  to  its  application  to  the  boundary  value  problem  in  so  called  weakly  connected 
domains  for  Ginzburg-Landau  equation  which  is  a  fundamental  macroscopic  model  of  the  weak 
superconductivity  theory  in  the  absence  of  a  magnetic  field  [6], 

Note  that  the  asymptotic  behavior  of  nonlinear  variational  problems  in  weakly  connected 
domains  was  studied  by  the  writer  in  paper  |7]. 

FORMULATION  OF  THE  PROBLEM  AND  THE  MAIN  RESULT 

Let  fl  is  a  composite  superconductor  consisting  of  a  melange  of  a  superconducting  material 
fl  \  and  of  dielectric  where  the  parameter  s  (j  =  1,  2,  ...)  is  the  characteristic  of 

the  scale  of  microstructure.  Since  the  current  does  not  penetrate  the  dielectric  the  Neumann 
boundary  condition  is  fulfilled  on  the  boundary 

We  shall  assume  that  il- is  a  unit  cube  fl  =  {{xi,  Z2,  X3)  :  —1/2  <  a:jfc  <  1/2}  in  three- 
dimensional  Euclidean  space  and  the  set  is  located  in  an  arbitrary  small  neighbourhood 
of  the  plane  X3  =  0. 

Consider  the  following  boundary  value  problem  for  determination  of  the  complex-valued 

wave  function  in  the  domains  ==  n  \  : 

+  x€n^'^  (1) 
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*€aF<*>Uw\(r»Ur,).  (2) 


=  $t(T),  = 'i'3(l),  (3)  - 

r,  r. 


^W(x)€  w',^(nW)nw?{fl‘'\M.  i*) 


where  Ti  and  Tj  are  top  and  bottom  faces  of  the  cube  fi,  respectively;  is  the  normal 
derivative  on  the  domain’s  boundary;  are  complex— valued  functions  defined  in  the 

domain  fi,  belonging  to  the  class  W^J(fl)n  C"(fl),  and  satisfying  the  condition  54'r/9»'  =  0 
on  5fl  \  (Fi  U  Fj).  Boundary  condition  is  understood  in  the  aence  of  distributions  [8]. 

It  is  known  that  there  exists  at  least  one  generalized  solution  of  the  boundary  value 

problem  (l)-(4). 

We  shall  study  the  asymptotic  behavior  of  the  solutions  ^^*l(x)  as  s  — ♦  oo  in  the  domains 
=  fl  \  when  the  sets  unrestrictedly  approach  the  surface  I3  =  0. 

To  formulate  the  main  result  of  the  paper,  we  shall  first  introduce  a  quantative  characteristic 
of  the  sets  ("permeability”).  Let  F  =  {13  =  0}  fl fl  and  7  is  an  arbitrary  portion  of  F,  i.e., 
an  open  connected  set  on  F,  T{t,S)  is  a  layer  of  thickness  with  raid  surface  7,  so  that  7^ 
are  the  bzises  of  the  layer  r(7, 5),  i^e.,  the  plane  surfaces  located  on  the  different  sides  of  7  at 
the  distance  5  and  T<*)(7,  S)  =  T{'f,6)  \  F^‘K  Now  we  shall  define  the  function  of  sets  7  C  F  : 

P(7,s,f)=inf  /  |V0‘*fdx,  (5) 

TC>h.<) 

where  the  infimum  is  taken  over  the  class  of  functions  which  are  equal 

to  one  and  zero  on  7^  and  7f  ,  respectively. 

Now  we  shall  formulate  the  main  result  of  the  present  paper.  The  theorem  is  valid. 

Theorem  1.  Lei  the  following  conditions  are  fulfilled  as  s —*  00  : 

(i)  the  sets  F^*y  are  contained  in  a  layer  of  arbitrarily  small  width  with  mid  surface  F  C  fl; 

{ii)  for  any  portion  “y  C.  T  the  equality  holds 

lim  lim  P(7,s,^)  =  lira  lim  P(7,s,5)  - /p(i)dF,  (6) 

H 

where  p{x)  is  a  measurable  function  on  T  and  p(x)  >  0,  Then  every  sequence  of  solutions 
of  ike  boundary  value  problem  (l)-(4)  converges  in  to  the  solution  jly{x) 

of  the  boundary  value  problem 

—  0,  X €  n\ri  (^) 
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(^)  “  (^)  “  *€  r. 


g  =  o.  *  €  an\(r,Ur2), 


where  the  siffTis  ^  ^  end  *  ^  ^  indicate  the  boundary  values  bf  functions  on  the  different 

sides  of  Tf  and  djdv  is  iht  normal  derivative  io  F  in  the  direction  corresponding  to  ”  4*  ” , 
There  exists  one  and  only  one  solution  of  the  boundary  valne  problem  (7)-(  10). 

'  The  proof  of  the  Theorem  1  is  based  on  application  of  the  results  of  the  monograph  [1}  to 
the  boundary  value  problem  (I }-(4)  and  will  appear  among  some  other  results  Goncerning  with 
this  boundary  value  problem  in  paper  [9], 

SXATIONAKY  JOSEFSON  EFFECT 

Let  us  obtmn  the  expression  for  thje  normal  component  of  superconducting  curn^t  flowing 
through  a  weak  connection.  The  homogenized  density  is  calculated  by  the  formula 


By  virtue  of  the  boundary  condition  (8)  it  is  easy  to  obtain  that 


Let  \d>i\  and  ip±  are  the  modulus  and  thephase  of  the  complex-^valued function  ^irrespec¬ 
tively,  then 


i  =  1  sm(y?i  ^ 


which  is  mathematical  expression  of  the  stationary  Josephson  effect  [6]. 

CONCLUSIONS 

The  results  of  the  paper  may  be  interpreted  as  follows.  Let  ft  is  a  composite  superconductor 
which  for  the  sake  of  simplicity  is  considered  as  unit  cube  and  the  wave  function  is  given 
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on  the  top  Tj  and  bottom  Fj  faces  of  the  cube,  i.e.,  satisfies  the  Dirichlet  boundary 

condition  on  ri,2  and  satisfies  the  Neumann  condition  on  the  remaining  part  of  the  boundciry. 
Let  us  also  assume  that  the  sets  (dielectric)  approach  the  plane  X3  =  0.  Then  the  wave 
function  and  the  current  density 


converge  to  the  limit  function  and  current  density  j,  respectively.  The  function  V’  the 
solution  of  the  boundary  value  problem  (7)-(10)  and  at  eveiy  point  of  the  plane  13  —  0  the 
relation  (13)  is  v2Jid.  This  relation  is  a  mathematicad  expression  for  well-known  Josefson  effect. 
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Or  wave  over  a  plana  eiirfaca  of  varlabla  coniluctlvlty 

L.A.  Pazynin 

Institute  of  Radiophysios  and  Electronles 
Kharkov ,  Ulcralne 

Ibstract:  line  problem  of  propagating  an  eleotromagnetlo  wave 
over  a  surface  of  variable  impedance  is  studied.Tne  new  class 
of  surface  impedance  distributions  for  which  the  solution  can 
be  found  in  an  esplioit  form  is  defined.  For  this  the  problem 
oust  be  reduced  to  the  Carlemm  boundary  problem  for  a  strip 
In  the  complex  variable  plane.  In  the  case  of  small  Ifflpedanoe 
values  the  estination  of  the  back  scattering  by  an  Impedanoe 
inhomogeneity,  depending  on  its  width  referred  to  wavelength, 
is  given. 


iEhe  oharaoteriBtios  of  eleotromagnetlo  wave  propagation  over  a 
surface  of  variable  conductivity  are  analyzed  theoretically  in  a 
great  number  of  works,  beginning  from  [1].ls  a  rule,  studying  the 
problem  is  based  on  the  solution  of  Volterra’s  integral  equation 
for  the  power  attenuation  factor  over  an  impedance  surface  as  a 
function  of  distance  from  a  source  [ 2-5 J.  This  equation  is 
approximate  in  virtue  of  the  assumption  on  Bmoo'thness  of  surface 
impedanoe  variations,  therefore,  in  particular ,  its  solution  does 
not  include  the  back  scattered  waves.  !I?he  exceptions  from  this 
approach  are  investigations  begun  in  works  by  Gitoberg  ,Fdk  [1,6] 
for  the  case  of  the  plane  surface  impedanoe  being  a  dimontiTmos 
function  with  a  jianp  on  the  wave  path  from  one  constant  value 

to  another  tJj  •  5E!be  exact  solution  of  the  problem  on  plane  wave 

propagation  over  such  a  surface  has  been  found  in  a  closed  form 
11.6,7].  Bass  [S]  has  generalized  the  results  of  the  works  [1,6] 
to  the  case  of  a  curvilinear  coast. 

In  the  p3?esent  work  a  new  model  is  su^ested  to  desoribe 
eleotron»gnetio  wave  propagation  over  the  plane  surfaee  whose 
impedance  q(x),  as  distinct  from  [1,6,7,81  ia  a  cmttraicius 
function  of  a  special  forai  varying  monotonically  from  tj  to  tj,. 

In  addition  to  these  two  parameters,  the  deaoriptlbn  of  the 
function  r)(x)  Includes  the  parameter  6  defining  the  ''transi^t" 
region  width  and  varying  from  zero  to  infinity.  IChe  tJrlnberg- 
lok  model  is  its  limiting  case  at  5  =  0.  For  the  model  suggested 
the  exact  solution  of  the  corresponding  boundary  value  problem 
is  found. 

A  sougdt-for  value  is  an  electromagnetic  field  in  the  upjjer 
half-space  z>0  limited  by  the  plane  z=0  with  the  impedanoe  rj(x,y). 
2316  source  geometry  and  dependence  n(x.y)  are  described  further. 
Starti^  from  Green’s  Integral  formula  and  following  [ 6 ]we  obtain 
the*  integral  representation  for  z-component  of  a  full  field  in 
the  hslf-Bpaoe  z>0 

l^(i,y,B)=E^(x,y,z)-JJ^-3^ - — v(r)-E^  (x'  ,y'  ,0)||i^|di'(Jy' 

-«'■  '  (1) 

where  _ _ _ _ 

v{r)=0xp(il£r)/(ARr),  (x-x'')®+(y-y')*+  2*  , 

fc=k.=k  .  Jm  k  >0. 

1  0  1*^1 
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The  modified.  Leontovloh's.  hounder’7  oondltlon  foi*  the  noiml 
oomponent  of  the  eleotrio  field  E  has  the  follovsrliig  form  [6,9.10] 

aE  (x,7.0) 

- -  =  -Ik  rjCi.y)  E^(z,y,0)  ,  (2) 

where  T)(x,y)=Ve  fi  /e'fi  is  the  relative  surface  Impedance  plana 
2=0,  e^=  e'Cz.y)  is  the  complex  dielectric  constant  of  the  half- 

2  A 

space  z<0.  After  substitution  of  (2)  in  the  integral  equation  we 
have 

E^(x,y,0)=2E°(x,y,0)+2ik|jr](if'.y')\(2/,ySO)v(rg)dx'dy'.  (3) 


Our  ooneideratlon  will  he  restricted  to  the  two-dimensional 
case.  Let  i7(t,y)«n(x).  and  the  source  is  a  linear  magnetic 
current  [12] 

T  I<“>5(p_p^),  E°-  iu  p  =  (x.O.z). 


n(«)_  n*"’=o.  n‘"’ 

X  X  y 

We  obtain 


f(x)  =  g(x)  -  I  r)(x)  J  f{iOH‘*'(k[2-x'|  )dx'. 


vihere 

T(i)=n(x)E  (x,0),  g(x)=27](x)E°(x,0). 

S  X 

Consider  the  following  three-parameter  class  of  surface 
impedance  distributions,  each  of  them  desoribing  the  impedance 
oontlnupuB  transition  from  one  fixed  complex  value  r}^=  rj(-ro)  to 

another  rjj-  n(+<») 


rj(i)  = 

1  +  e 


___  +  __ - th  j-y  , 


’Bdiere  B=1/r,  t>0  .  (The  _equatlon  (4)  for  suoh  tj(i  )  after 

substitution  tx=b,  f(s)=f(5u),  g(s)=g(5s)  belongs  to  the  type 
of  smooth- transition  equations  Introduced  by  Oherakll  [11] 

f(B)+  -1-  I  n.  (s-t)f(t)dt  +  -4z  th  I  r  n-(B-t)f(t)dt  =  g(s),  (5) 

✓2f  J  ‘  V2*  2  J  2 

^  (—CO  <B<  €©) 

h,  -(8-t)=  VFTa  1f5 -i— ^  H^‘*{k5lB-t|)  . 

1  •  2  2  ® 


3516  solvability  I  of  eq.(5)  by  quadrature  In  the  space  launder 
the  condition  g(s.)€  L_  has  been  proved  Ir  [11].  With  use  of  the 

'  43  ’  '  ^  . 

Pourler  transform  Eq.(5)  is  reduced  to  the  Carleman  boundary 
problem  for  a  strip  whloh  is  reduced  by  some  oonfoimal  transform 
to  the  Riemann  problem  on  the  real  axis.  Ihe  solution  of  eq.(4) 
can  be  written  as 
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i{x)«  -  I  J  [rG(Tt)+e*^(j*(e®’^*-)]e 


»t,.+  /_2irtM„-i!lct  V  k^-t®  dt 


/£®-t®  4  £n 


C{tt)  -  ✓2/r  ^  T  M  -  b‘i>(  k/Ty-ij,)®4  z®  )e*^’'dy  , 
3i_  14  e . 


✓  £®-B®4kT) 


—  re®®H  1  r  i„  ^  ^  de  1 


E-’-b’+Ei) 


B*{e®*^)=  -IT  I*(e®*^)£(n3-T}j)J 


(B'“-41)(e*‘"-e'‘*'^). 

4 

G(TX)e®^  dX 


(✓'Flx^Srj  )r(e®»^)(e®*^-e®®^) 


idiere  k=k5,  x=zT,  z=zT  and  the  integration  oontour  bypasBee  the 
pole  in  the  point  t  from  above  and  below  ?op  the  funotions 
deBignated  by  "4"  and  ,  respeotively .fhere  relations  give  the 
explicit  espression  for  Green's  function  of  the  two-dimensional 
boundary  problem  oonsidered  without  any  restrlotlons  on  parameter 
values. 

In  the  case  of  a  plane  wave  the  relations  (6)  oan  be  simplified. 
Por  the  sake  of  elmplioity  we  restrict  our  oonslderatlon  to  the 
sliding  inoldenoe  (  x^-^  -»  )  and  r\^  0. 

We  obtain  the  resulting  expression  for  the  yertloal  oomponent  of 
the  full  eleotrio  field  on  an  impedance  surface 


E  (x.O)  =  2e 


I-(e®>^ 


r  J. 


X^e®»‘ 


e"‘*Mt  .  (7) 


Bh(x(k4t)) 


here  the  pole  t=-£  is  bypassed  from  above.  (7)  is 
convenient  for  studying  the  field  in  the  region  x<0  ,  with  first 
terra  of  (7)  representing  the  full  field  of  a  plane  wave  on  a 
perfectly  conducting  plane  and  the  integral  terra  describing  the 
scattering  by  an  impedance  Inhoroogenelty.  !Phe  representation 
convenient  in  the  region  x>0  can  be  obtained  from  here 


E  (x.O)  = 


-iknj 


_  r 

j 

)  -« 


Tie 


at (t*i) 


e‘‘’‘*^dt  . 


-t  4  Erij )  Bh(S(E4t) ) 


with  the  path-traolng  of  the  pole  t=-£  from  below.'nhe  field  in  the 
half-space  £>0  oan  be  restored  by  the  field  found  on  the  plane  z=0 
(7)  or  (8)  with  use  of  Eg.  (1). 

nhe  expression  (8)for  E^(i,0)at  5  0  is  easily  shown  to  go  over 
into  the  known  representation  [10]  for  the  field  E  (x.O)  on  the 


plane  with  the  Impedanoe  eqiial  to  zero  at  x<0  and  Sj  at  x>O.Note 

that  this  solution  obtained  by  Grlnberg  and  Pok  [6]  oan  be 
oonsidered  as  the  leading  term  of  the  long-wavelength  asymptotic 
expression  of  our  solution,  l.e.  as  one  oorrespondlng  to  the  case 
of  the  "transient"  region  width  being  muoh  less  that  the  souroe 
wsvsXsn^'tlif  jL«6«  1  - 

In  the  "bieory  of  railo  wave  propagation  the  Inequality  In|«1 
is  usually  satisfiSd.  55ien  the  funotions  I*(e®*^)  oan  be  shown 
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to  be  unit  with  the  aoouraoy.of  the  order  of  Odrjjl). 

R?om  (7)  at  |r)^|  «  1  we  find  the  flld  E*(x,0)  soattered  Igr 
the  Inipedflnoe  tnhcHnogenelty  far  from  It  (  h:|z|»1.t|z|»1  )  for  z<0- 


B*(XrO)  « 


1  11/4  .*  e”**** 

— —  e  n.l 

m  V  V^lzT 


(  z<0  ) 


i&ose  amplltiKle  is  proportione  to  the  factor 


2«kg 

Bh(2Jtk5)  * 


(10) 


defining  the  effeot  of  size  of  the  "transient**  region  width  25 
referred  to  wavelength  on  the  field  soattered.  As  seen  IToti  (10), 
the  baok  scattering  Is  exponentially  deoreases  with  Inoreaaing  5/1 
and  at  2Jtk5  at  3  ban  be  negleoted,  then  the  approzlmatlonB  13 ,4-] 
oan  be  usedi  Bor  the  surface  impedanoe  distributions  with  less 
"transient"  region  widths  the  baoh  scattering  amplitude  is  not 
small  and  estimating  the  field  over  suoh  a  surfaoe  oan  be  reliable 
only  wftien  relations  (7)  or  (8)  of  the  present  work  isnsed. 
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OiPPICS  FOR  AS  JSBCMXSESBOTB  ISOTBIC^IC  YLi^Sk 

Taleriy  A.PernorakoT  and  Sengey  V.Krestyaninov 

ltei>artaiaent  of  Radio  Engineering,  The  Mosoow  Power  Engineering 
Institute,  Rrasnokazarmennaya,  14,  Moscow,  111250,  Russia 

ABSTRACT 

1  modified  gecaaetrical  optics  in?oeedure  (MOO)  W2W3  formulated 
for  an  arbitrary.  Smoothly  inhomogeneoxis  plasma.  HGO  is  tetken  into 
account  the  peculiarities  of  E-wave  CveE^eO)  propagation  in  an 
inhomogeneous  plasma  with  oyerdence  core. 

HfTRODOCTION 

It  is  well  known  tiiat  t^^^  peculiarities  of  E-wave  iVB'&^O) 
propagation  in  a  smoothly  inhomogeneous  plasma  are  not  t^en  into 
account  by  classical  geometrical  optics(GO).  The  problem  lies  in  the 
correot  description  of  E-field  amplitude  and  phase  near  the 
baofcscattering  direction  and  E-wave  resonant  attenuation  in  the 
vicinity  of  plasma  permittivity  simple  zeroM].  The  analytic 
solutions  lor  standard  problems  of  a  plane  E-wave  diffraction  and 
magnetic  current  filament  radiation  in  a  plane-statif ied  plasma 
permit  interpretation  of  the  E-field,  in  terms  of  MGO,  as  the  field 
in  a  medium  with  effective  pennittivity  ^ef"^ 

k“^  fe*  iz)/2e-(elz>/e)*  ],  and  allows  as  to  find  the  magnetic  field 

reflection  ooefficient  in  a  turning  point,  taking  into  account  the 
effect  of  resonant  attenuation^  A  MGO  procedure  xs  formulated  on  the 
basis  of  solutions  for  standard  problems  of  an  arbitrary,  smoothly 
iidiomogeneous  plasma  and  include  special  d^fraotion  effeots  for  an 
E-Xield  connected  with  the  coiT^eotiona  O(k^  )  in  Eg^. 

PROPAGATION  OP  A  PLANE  E-WATE  IN  A  PL&NE-STRATIPIED  PLASMA. 

MGO  given  below  is  based  on  the  local  plane-stratified 
approximation  of  the  medium  in  the  ray  viclnity^The  first  step  in 
IfGO  construction  is  the  WKB  solution  for  the  problem  of  plane  E-wave 
propagation  in  the  media  with  local  (i.e.,  in  the  vicinity  Of  the 
zero  of  s)  linear  approximation  for  the  permittivity. The  solution  of 
this  problem  see  in  Ref.  [2].  Here  we  discuss  the  conclusions  in 
[2]. The  harmonic  time-dependenoe  exp(iwt)  is  lised  in  this  paper. 

The  dependence  of  the  E-wave  magnetic  field  component 
H^=  U(z)  exp(-ik^h('&)y  )  (1) 

is  defined  by  the  equation 

"  £' (2)  ,  _ 

^zz  ~  EliT  ^2  ^  -  h*)  U  =  0,  h=sin«.  (2) 

By  means  of  the  substitution  U  =  Ve  P^  Eqn.  (2)  is  reduced  to 
equation 

P"z  +  (  +  r(z))  P  =  0,  (3) 

where 

q{z)=egj(z)-h*,  egj=e+k“*[E"(z)/2e-(e(z)/E)*l.  r(z)=(Elz)/2E)*  (4) 

The  1KB  solution  (.3)i  satisfying  the  condition  P>»  0  at  s-»  +® 
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{£-*  -oo)  was  fovind  In  [2]  by  going  aroxmd  the  zeros  of  q(z)  in  the 
upper  half-plane  z.  It  was  assumed  that  the  zeros  of  q(z)  are. 
isolated  and  that  the  Stokes  constant  T  =  1  was  vised_  (for 

discussion  on  this  question  see  Ref.  [2]).  It  should  be  inentioned 
that  the  free  term  coefficient  presentation  of  Eqn.  (3)  in  the 
of  Eqn.  (4)  ensures  the  application  of  the  WKB  solution  in  the 
vicinity  of  the  e-zero. 

The  final  Result  is  ^ 

U(z)  P,(z)  +  iR^Ve  P^(z),  (5) 

irtiere  B  * 

y“  =  q-^"  ezp(  (-1)^-"ik^X-/q  dz).  (6> 


z  -  zeros  of  function  q(z), 
n>  _ 

\  -  1  +  eipC'  Eilc^X  "/q  dz)  .  (7  ) 


In  nondissipative  plasma  point  z^  lies  in  real  axis  z,  point  z^ 

-  in  upper  half-plane  z  (disposition  of  the  zeros  of  the  function 
q(z)  ,  and  the  Stokes  and  anti-Stokes  lines  for  the  Eqn.  (3)  see  in 
Ref. [2]).  The  WKB  solution  (5)  defines  the  magnetic  field 
struotui*e  of  the  E-wave  in  the  transparent  region  and  can  be 
interpreted  in  terms  of  the  MGO  as  the  magnetic  field  of  E— wave 
(E-ray)  in  a  roedixim  with  effective  peraittivity  (see  Eqn.(4>). 

R^=  iR^  can  be  interpreted  as  the  reflection  coefficient  of  the  wave 

running  to  the  turning  point  z^.  For  a  plane  wave,  the  turning  point 

position  coincides  with  the  caustic. 

It  is  shown  for  the  linear  dependence  of  S  that  |R^|=1  for  '0=0 

for  “0  ^  0.  Thus,  solution  (5)  takes  into  account  the 

effect  of  resonant  attenuation  in  the  vicinity  of  the  £-zero  12]. 

The  WKB  solution  (5)  for  the  E-wave  magnetic  field  gives  a  physical 
interpretation  and  a  fairly  good  aocxiraoy  of  the  E-wave  field;  it 
yields  WKB  reflection  coefficient  calculations  which  are  better  than 
the  accuracy  of  approximations  suggested  in  another  papers  (see 
reference  in  t1t2].  Standard  GO  gives  a  big  error  in  this  region,  on 
condition  (k^^/ys)  <2. 

RADIATION  OP  THE  MAGNETIC  CURRENT  FILAMENT  IN  PLANE-STRATIFIED 

PLASMA 


The  next  step  in  the  MGO  construction  is  the  analysis  of 
magnetic  current  filament  radiation  in  a  plane-stratified  plasma 
with  £(z)  varying  monotonically  in  z. 

Let  the  magnetic  current  filament  d^=IjB(z-z^)6(y-0),z^<0  be 


placed  in  a  free  space  near  the  plasma  half-Bpaoe(z>0).  The  magnet ip 
field  structure  inside  the  plasma  is  determined  by  integral 

U(aE,  z)  y  a  "I — \ 

H_  =  J  — - - exp(-ia?y  +  i -v  kp-ae  z^)  dae,  (8) 

For  evaluation  (6),  we  employ  the  solution  (5)t  assuming  the  slow 
dependence  Rjj(ae).  Then  the  asymp tot io  evaluation  (8)  gives*  by  the 


otatlonary  pliaoo  mothod,  tho  following  oxproflclon  for  tho  flold  in 
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the  medivaa 


[(i-h*)(6^ 


exp(-i®^(z,y,ae) 


/  _ _ ^  \  ^  1/4 

1%/A  )+A-/  I  I  Rj.  1^(1  -h* )  (€gf-h  )J  exp  (-If^  (z , y ,ae)+i')c/2-iic/4 
si^(tl)^^))  (9) 

^rtiere  A  =  -  , 

.  .  .2*  _ _ _  ,  2*  ■ 

®i  .  2^K'^  =  ~^p'^  ±ko/-^er~^*  ‘ 


o  .  .  z 

h  =  ae/kjj,  is  defined  in  Eqn.  (7),  X  and  h  in  (9)  relate  to  real 

(in  absence  of  collisions)  points  of  stationary  phase. 

Magnetic  ouri^ent  filament  radiation  analysis  shows  that  the 
reflected  (inside  media)  ray  amplitude  and  phase  change  at  the 
turning  point  z^ ,  as  opposed  to  the  .  standard  CO  where  they  are 

continious  at  the  turning  point.  Moreover,  the  reflected  field  phase 
change  by  %/2,  when  the  ray  touches  the  caustic,  as  in  standart  GO. 

MGO  permits  finding  new  physical  peculiarities  of  the  magnetic 
field  radiated  by  magnetic  current  filament,  as  compared  with  the 
electric  field  radiated  by  an  electric  current  filament.  Inside  the 
media,  the  reflected  E-ray  amplitude  depends  on  two  factors.  The 
first  one  is  the  E- rays  diverge.  This  effect  is  less  pronounced  for 
media  with  monotonic  decrease  in  8,  as  compared  to  H-rays 

described  by  standard  GO.  The  second  factor  is  the  effect  of  the 
E-wave  resonant  attenuation  in  the  region  €  0.  In  the  far  zone,  the 

divergence  of  E-  and  H-rays  reflected  from  plane-stratified  plasma 
is  not  diminished.  Thus  the  difference  between  the  amplitudes  of  E- 
and  H-rays  is  defined  only  by  |R^|  . 

MODIFICATION  OP  GEOMETRICAL  OPTICS  FOR  THREE-DIMENGIONALLY 
INHOMOGENEOUS  PLASMA  WITH  AN  OVERDENSE  CORE. 

Here  we  construct  MGO  on  the  basis  of  solutions  to  two 

problems  (i.e.,  that  of  plane  E-wave  prapagation,  and  that  of 
magnetic  current  filament  radiation  in  a  plane-stratified  plasma). 

Let  the  electric  and  magnetic  fields  in  the  inhomogeneous 
plasma  be  written  in  the  following  form 

E=Aezp(-ik^(j)jj)  +  (ik^e)"*rot(-/e  B  exp(-ikj,(j)^)) 

.  •  i  .  - 

H=  -Y-rot  (A  exp  (-ikjj(j)jj )  +  Vf  b  exp(-ik^(j)^), 

O 

■  -♦  -»■ 

where  vector  amplitudes  A  and  B  are  expressed  by  the  series 


^ >1-— b=2-t 

m-o ( ik  )  m  =  o  ( i 


(ik^) 

The  first  terms  in  Eqn.  (10)  are  related  to  H-ray  fields  defined  in 
the  zero  approximation  by  the  condition  (A^VEyiO).  The  second  terms 

are  related,  to  E-ray  fields  defined  by  condition  (B  vs/G),  The 


supposition  of  independence  of  E  and  H  fields  in  the  zero' 
approximation  (ni=0)  is  jiistified  locally,  in  vicinity  of  the  point 

T^,  on  distance  je/vS]  \xnder  oonition  L^«  where  is  radius 

of  torsion  of  ray.  After  substitution  Eqn.  (10)  into  Maxwell'*8 


equations,  we  tise  the  expansions  A  and  B  in  a  power  series  in 

and  obtain  the  standard  eioonal  and  transport  equations  for  H-ray 
fields.  Por  E-ray  fields  the  eioonal  equation  is  postulated  in  the 


form 

(ViJ),)*  =  eef<^> 


s(r) 


A  £ 
^  2k^£ 


(?e) 


(11) 


Where  the  dependence  is  introduoted  by  analogy  with  the  plane- 
stratified  raediiim  12].  The  transport  eqmtions  for  A^and  have  a 


standard  form. 


The  effect  of  the  E-field’s  resonant  attenuation  in  the  resion 
E  fv  0  is  taken  into  account  by  introduction  of  reflection 
coefficient  for  the  E-ray  which  has  ^one  throu^  the  turning  point. 


The  condition  for  this  ray  is  B„,=R  B^  , where  B^,  is  the  amplitude 

"  02E01  Oi  ^ 


of  the  ray  branch  going  to  the  timiing  point  z^,  and  B^^^  is  the 
amplitude  on  the  ray  branch  leaving  Rjg.  is  defined  in  Eqn.  (7), 
where  z^  and  z^  are  the  coordinates  of  the  turning  points  in  the 


local  Cartesian  coordinates  for  the  linear  approximation  E|r)=8'  (0)z 
in  the  vicinity  of  the  turning  point  z^(see  Pig.1),  and  h  is  the 

value  (tAjJg)*  df  the  turning  point  Zj^.Coord.inates  z^  and  z^  are 

defined  in  absence  of  collisions  by  oonditions  Jm  z^=0,  Jm  z^  >  0, 

the  axis  z  is  directed  into  the  region  e<0.  If  the  linear' 
approximation  E  is  unacceptable,  then  is  calculated  by  numerical 

methods. 

Consider  some  aspects  of  the  plane  wave  diffraction  on 
inhomogeneous  plasma  bodies  of  the  finite  dimensi  ns  contrast  to 
plane-stratified  medium  divergence  of  the  E-  and  H-rays  reflected 
from  a  finite  diraension,  plasma  bodies  can  be  considerably 
distinguished  in  the  far  zone.  The  divergence  of  the  E-rays  is  less 
than  that  of  the  H-rays  because  |  V£gf  I  >  |VS|  and  r^.  (The 

effective  overdenoe  core  radius  r  „  and  the  overdenoe  core  radius  r 

are  defined  by  equations  £(1*0  )-0,  respectively).  In  ; 

accordance  with  this  conoliislon  the  bistatio  cross-section  near 
backscattering  direction  (when  the  resonant  attenuation  in  region  e 
Pa  0  is  negleoxed)  is  greater  for  E-rays  than  for  H-rays.  Some 
example  see  in  Ref.[lj. 
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ABSTRACT 

Kimerioal  pTOoedures  based  on  finite  element  method, 
decomposition  of  soatterer  and  round  of  field  peculiarity  in 
complex  space  are  discussed.  Physical  results  obtained  are 
reported. 

INTRODUCTION 

Plasma  objects,  both  artificial  and  natural,  are  often 
stretched  in  a  direction,  in  which  their  parameter  are  changing 
slowly,  but  a  media  is  substantially  two-dlmensionally 
inhomogeneous  in  the  cTOss-seotion  plane.  We  would  mention  here 
streams  of  jet  engine  and  meteors  trails  at  the  height  about  100 
km,  aniso tropically  extending  in  the  Earth  magnetic  field. 
Scattering  properties  research  for  such  objects  represents  the 
foimdation  for  many  applications  such  as  a  discovery  and 
diagnostics,  redio  communication  using  plasma  objects. 

Consideration  of  two  -  dimensional  model  is  a  reasonable 
choice.  In  fact  when  finite  element  method  is  used  the  time  of 
problem's  decision  rises  as  lOCR/hJ  in  one-dimensional  case,  and 
much  more  faster  in  multi-dimensional  cases:  proportionally  to 

(E/h)^  in  two-  or  (R/h)^  in  three-dimensional  case,  there  R  is  the 
radius  of  containing  surface,  h  is  the  discretization  step.  It’s 
possible  using  386  processor  based  computer  to  solve  in  the  same 

7 

time  about  four  hours  one-dimensional  problem  with  R/tv^lO  (up  to 
one  million  wavelengths  over  diameter  in  dielectric  supposing  30 
steps  per  wavelength)  or  two-dimensional  problem  with  R/h^lOO  {7 
wavelengths)  or  three-dimensional  problem  with  (less  than 

one  wavelength).  Two-dimensional  model  permits,  firstly,  to 
investigate  scattering  regularities  in  more  realistic  situations 
as  regards  to  one-dimensional  inhomogeneous  cylinder,  and, 
secondly,  to  compare  the  calculation  results  for  strict  numerical 
and  appreximate  optics  methods. 

Let  plasma  cylinder  has  permittivity  E(r,(p)=E' -is" .  The  fall 

along  A  axis  of  /(-wave  (vs.  E=0)  and  E-wave  (v£‘H-0)  is  considered. 
Plasma  may  has  negative  kernel,  i.e.  the  region  with  B'<0.  It’s 
supposed  that  £"^0,  the  loses  may  be  of  any  level  including 
evanesoently  little. 

It's  known  that  for  E-wave  in  plasma  with  low  loses  field 
oon^jonents  are  changing  in  complex  manner  in  the  vicinity  of  £' 
transition  throu^  zero  [1].  It’s  physically  cased  by  plasma 
oscillations  excitation  and  mathematically  connected  with  presence 
of  E-field  peculiarity  on  £=0  curve,  which  is  situated  in  the 
complex  coordinates  space.  Por  low  loses  the  peculiarity  curve  is 
passing  closely  to  the  plane  of  cross-section  real  coordinates  - 

for  peculiarity  curve  where  f  axis  is  oriented  in  ve' 
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direct  Ion,  when  e'  S=—  is  the  loses  level,  is  the" 

frequency  of  electron  collisions  with  heavy  particles.  In  the" 
vicinity  of  peculiarity  the  mesh  step  has  to  be  less  or  order  than 

V 

So  far  as  the  time  of  region  counting  up  Is  proportional  to 
thus  the  loses  in  coiranon  with  soatterer  size  determines  the  . 

possibility  to  get  numerical  decision  under  the  £'  (r,9)  function 
has  been  settled  .  - 

HUHIRICAL  PROCEDURES 

Method  of  finite  elements  (MPE)  \ased  in  ctsrrent  work  has  some 
preferences.  Firstly  it *3  characterized  with  sparse  matriz  of 
coefficients.  Secondly  it  has  been  developed  for  nonregular  mesh, 
thirdly  it  fits  to  take  into  account  inhomogeneous  parameter  of 
media  and,  if  necessary,  complex  borders  of  objects. 

Special  methods  have  been  used  to  improve  effectiveness  of 
numerical  prooedures.  Firstly  the  seatterer  decomposition  into  a 
series  of  cylindrical  lays  is  carrying  out  because  computer . 

reserves  consumption  is  reduced  since  the  dimension  of  sequently 
solved  problems  is  diminished  [2  ].  The  time  of  decision  rises  as 

7 /2 

(R/h)  ,  and  for  100  knots  per  radius  it  takes  a  quarter  of  time 
compared  to  decision  without  decomposition.  Required  storage 

p  3 

capacity  rises  as  (R/h)  as  regards  to  (R/h)  without 

decomposition.  For  (E^)~700  the  economy  of  memory  is  about  2 
orders,  the  consumption  is  less  than  IWd.  Secondly  the  task  of 
getting  numerical  decision  without  reducing  mesh  step  in  £-wave 
case  while  loses  are  low  is  solved  here  using  peculiarity  round  in 
complex  space.  This  means  the  cylinder  cross  -  section  bend  in 
complex  plane  with  the  aim  to  go  away  from  peculiarity  curve. 

Analogous  to  [3],  field  in  cylindrical  lay  is  decayed  over 
the  previously  found  series  of  wave  equation  decisions*  for 
linearly  independent  border  conditions  of  Dirihle  or  Neyman.  This' 
equation  taken  for  ''2*'  field  components.  Is  solved  using  MPE.  Note 
that  the  second  tangential  to  border  component  or  is 

proportional  to  partial  derivation  of  "2"  field  :component  with 
respect  to  border  normal.  This  permits  to  characterize  separate 
r*egions  through  impedance  or  admittance  matrices.  Recomposing  is - 
executed  in  ordinary  way. 

Pyramidal  basis-we luting  functions  were  used  in  projection 
scheme.  Functions  are  connected  to  the  knot  of  triangular  mesh  and’ 
differ  from  zero  only  at  finite  elements  having  knot  as  a  vertex. 

Let  previously  mentioned  axis  is  described  by 

equation  Y=kX+q,  ??=tgij)  and  q  are  real.  So  |  reflects  on  imagine' 
coordinates  plane  as  an  axis  going  through  the  source  of 

coordinates  under  the  angle  U). 

We  gave  imaginary  additions  to  coordinates  of  cross  -  section 
points  according  to  Lr''(Lr'  )  with  respect  to  certain  point,  say  C, 
inside  negative  kernel,  not  coincident  with  the  source  of 
coordinates.  It's  enough  for  vertex  kernels.  For  kernels  having 
parts  with  difference  between  inclination  vs'  angle  and  angle  of 
observation  from  point  C  more  than  on  the  real  coordinates 

plane,  such  a  simple  of  giving  additions  to  coordinates-  is 
unacceptable,  because  it  leads  not  to  removal,  but  to  approaching 
of  cross  -  section  and  s=0  curve.  Then  it's  necessary  to  give 

aciaitlons  to  Goorainates  ol  points  near  kernel  Porfler  in  more 
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aoourate  way;  to  add  Imagine  coordinates  in  a  dtreotion  of  (-%" ) 
growing. 

Dependencies  of  X  and  Y  from  X'  and  Y'  were  approached  with 
the  help  of  the  same  pyramidal  functions.  Por  integration  over 
cross  -  section 

/  PCX.y)  dX  dY  =  /  P(X’,y)  detJ  dl’dy*  .. 

Q  Q’ 

was  used,  where  J  is  Jacobian  of  coordinates  ti^nsformation. 

According  to  numerical  experiments,  for  obtaining 
satisfactory  accuracy  it's  necessary  to  remove  cross  -  section 
from  peoiiliarity  curve  on  a  relatively  little  distance  about*  or 
more  than  a  half  of  used  mesh  step. 


PHTSICAL  RESULTS 


Diffraction  on  radially  inhomogeneoixs  plasma  cylinders  with 

Gaussian  electrons  distribution  e=1-B’  i1+iS)  .expi-r^/r^^)  was 

investigated  ,  in  connection  with  meteors  trails  scattering 
research.  Here  is  a  charaGteristlo  size  of  plasma  cylinder, 

4.rg.a 

,  is  class teal  electron  radius,  a  is  linear  electrons 

density  ll).  In  [4]  for  wide  range  of  parameters  r^=(0.4-f-4)  and 
a=(10^Vi0^^)CJR~^,  S=0.1  and  0.01  bade  -  soattering  ooeffioients 


0(0 ) 


--  have  been  given  for  H  and  £-waves,  here  oCq)) 


2 

soattering  cross  section  of  cylinder.  Widely  known  dipole 
resonance  of  internal  field  in  homogeneous  elliptical  cylinder 
placed  in  a  field  of  relatively  low  frequency  perpendioul^  to  E 
vector  plane,  is  connected  with  plasma  waves  exoitatipn.  The 
resonance  displays  itself  in  rising  of  polarization  relation 


a^/0^ .  Por  radially  one-  and  two-diraensionally  Inhomogeneous 


cylinder  the  resonance  is  weakened  because  the  field  absorption  In 
the  £#w0  region.  The  rising  of  polarization  relation  was  reported 
in  [4}i  but  no  more  than  to  2. 

Calculations  for  plasma  cylinders  with  elllptioal  level’s 
lines  flattened  or  stretched  along  T  axis  were  oonduoted.  For 


E=7-B.  (t+tS)  r^=0.6  was  chosen,  which  means 


that  negative  kernel  size  in  wave  fall  direction  is  much  less  than 

wavelength.  Also  a=(10^^4-10^^)cm  hence  fl=  (0- 3^-30 ),  S=0.G1  and 
6=9,  6=1,  or  6=1/9  were  taken.  The  calculated  back  -  scattering 
ooeffioients  for  two  polarizations  vs  a  are  represented  on  Pig. la. 
The  polarization  relation  vs  a  is  shown  on  Pig.  1b.  The  back  - 
soattering  coefficients  decrease  for  flattened  (6=9)  and  increase 
for  stretched  (6=1/9)  cylinders  as  compared  to  radially 
inhomogeneous  cylinder,  it's  connected  with  cross  size  changing. 
The  increase  of  back  scattered  field  with  growth  of  a  is  observed. 
Por  flattened  cylinder  polarization  relation  maximum  is  taking 
place  for  lesser  CL  -  quicker  after  negative  kernel  appearance,  and 
oppositely  for  stretched  cylinder  maximum  is  shifted  to  greater  a. 
Tklc  la  In  qualltativo  acoordance  with  hcmogonocua  oyllnaar  static 
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resonance  consideration.  Since  negative  kernel  is  closer  to  plane 
lay  for  5=9  thus  the  resonance  is  more  pronounced  and  maxinaan 
becomes  greater  than  2.  For  0=1/9  mazimtim  is  so  close  to  f,that 
there  is  no  sense  in  talking  about  i*espnanoe  manifestation. 


Pig.1.  Back-scattering  ooeffioients  (a)  and  polarization 
relation  (b)  vs  linear  electrons  density  for  H  and  E-waves 
(stroked  and  solid  lines).  Curves  1  -  3  are  for  6=9;  1;  1/9. 


Developed  piTOoedures  permits  to  estimate  the  limits  of 
applicability  for  geometrical  optics  (H-wave  base)  and  modified 
geometrical  optics  (E-wave  case)  [5 3  so  as  it’s  discussed  in  [63. 
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FROM  FUNCTIONAL  ANALYSIS  TO 
THE  METHOD  OF  HCTITIOUS  SOURCES  IN  E.  M.  DIFFRACTION 
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Laboratoire  d'Optique  Electromagndtique,  U.R.  A  CNRS  n®  843 
Faculty  des  Sciences  deSt-J^rome,  Case  262, 13397  Marseille  Gedex  20,  France 

ABSTRACT 

We  first  recall  that  the  Method  of  Fictitious  Sources  is  not  Only  an  efficient 
numerical  recipe  but,  on  ti\e  contrary,  an  algorithm  whose  convergence  can  be  established 
«ai  a  sound  th^etical  basis.  We  also  report  on  some  recent  practical  applications. 

I.  INTRODUCTION 

.  I  have  been  ve^  honoured  with  your  invitation  to  this  meeting  devoted  to 
Mathematical  Metlrods  in  Electromagnetic  Theory.  I  though  it  was  probably  for  me  a  good 
opportunity  to  get  in  touch  with  numerous  colleagues  that  we  have  not  been  able  to  meet 
during  a  very  long  time.  One  of  the  problems  I  had  to  solve  was  to  find  a  subject  for  this 
invited  paper.  The  Chairman  (E.!.  Veliev)  suggested  to  present  a  paper  based  on  my 
recent  research or  on  other  appropriate  topics^ Most  of  this  audience  is  probably  waiting 
for  a  review  paper  on  relatively  recent  and  broad  topics.  Such  a  paper  requires  fiom  the 
author  to  quote  an  important  list  of  recent  publications.  Unfortunately,  I  have  to  confess 
that  I  have  no  gift  for  an  exhaustive  bibliographical  research...  Consequently  I  decided  to 
summarize  the  work  carried  out  in  our  Laboratory  concerning  what  we  call  foe  Method  of 
Fictitious  Sources  (M.F.S.),  an  approach  to  diffraction  problems  which  has  become  as 
important  as  integral,  differential,  modal  and  finite  element  methods.  As  a  consequence, 
most  of  what  follows  has  already  been  published.  But  foe  papers  devoted  to  pioneering 
works  are  not  always  very  clear  ;  they  are  often  written  to  have  a  prior  daim  and 
consequently  foe  didactic  aspect  is  sometimes  somewhat  neglected.  Moreover,  very  often 
it  appears  that,  on  further  consideration,  the  contents  of  several  papers  can  be  presented  in 
a  more  concise  and  unified  manner  through  the  help  of  some  leading  idea.  I  will  be 
satisfied  if  this  paper  allows  my  colleagues  (and  mainly  foo^  of  foe  former  Soviet  Union) 
to  have  an  idea  of  what  has  been  done  in  the  "Laboratoire  d'Optique  Electromagn^tique 
de  Marseille",  concerning  foe  theoretical  aspects  of  foe  M.F.S. 

We  will  only  deal  with  time  harmonic  field  and  cylindrical  diffracting  obstacles 
(rods  and  gratings).  The  electrical  and  magnetic  fields  wUl  be  represented  by  the  complex 

vectors  ^  and  taking  into  account  a  time  dependance  in  exp(-ia)t)  .  An 

homogeneous  medium  will  be  characterized  by  its  permittivity  e,  its  permeability  p,  arid 

k  *  epm  .  As  we  did  in  all  our  previous  papers,  I  will  assume  that  all  the  media  have 
foe  permittivity  Po  of  a  vacuum.  For  a  metal,  it  will  be  always  understood  that  the 
conductivity  has  been  included  in  the  permittivity  and,  consequently,  foe  complex  optical 
index  V  will  be  defined  as  the  square  root  of  foe  ratio  of  the  permittivity  e  to  the 
permittivity  Eq  of  a  vacuum.  Starting  with  a  simple  scalar  prct)Iem,  we  will  arrive,  step  by 
step,  to  rather  complicated  problems.  For  example,  we  will  say  a  few  words  about  foe 
diffraction  by  a  dielectric  (or  metallic)  grating  illuminated  by  a  plane  wave  whose  the 
incident  vector  is  not  perpendicular  to  the  grooves  (conical  diffraction). 
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Before  diving  into  mathematics,  maybe  it  is  useftil  to  remind  briefly  the  physicists^ 
of  the  basic  idea  of  the  M.F.S.  Let  us  therefore  consider  an  obstacle  whose  boundary  is  a 
closed  surface  S.  We  call  respectively  fij  and  £12  the  exterior  and  the  interior  of  S.  These 
two  regions  are  respectively  filled  with  homogeneous  and  isotropic  materials  1  (e],Po) 
and  2  {e2,|io)>  The  obstacle  is  illuminated  by  a  known  Incident  field  and 

we  look  for  the  total  field  .In  the  total  field  must  satisfy  the  Maxwell  equations 
in  medium  2  (£2/^0) » therefore,  we  can  hope  it  can  be  considered  as  radiated  by  adequate 
fictitious  sources  (charges  and  currents)  located  in  region  Qi  but  radiating  in  the  whole 
space  filled  with  material  2  (e2,Po)-  In  the  same  way,  we  can  hope  thait  in  £1,  the 
diffracted  field  (which  must  satisfy  a  radiation  condition)  can  be  generated  by  some 
fictitious  sources  located  in  £12  and  radiating  in  the  whole  space  filled  with  material  1 

problem  is  now  how  to  determine  the  nature  and  the  location  of  the 
adequate  fictitious  sources.  Of  course,  this  must  be  done  in  such  a  way  that  the  so-called 

boundary  conditions  be  satisfied  :  i.e.,  for  ,  and  as  well,  the  tangential  components 
must  have  no  jump  on  S.  The  idea,  whidi  in  some  sense  appears  as  a  generalization  of 
Huygens'Principle,  is  certainly  seductive  but  a  question  immediately  comes  to  our  mind. 
If,  for  numerical  purposes,  we  take  only  a  finite  number  of  fictitious  sources,  will  it  be 
possible  to  satisfy  rigorously  the  boundary  conditions  ?  Intuitively  we  are  led  to  give  a 
negative  answer  ;  we  guess  that  we  will  have  to  be  content  with  imposing  only 
approximate  boundary  conditions,  obtaining  thus  an  approximate  solution.  Depending 
on  the  precise  meaning  of  approximate  (when  speaking  of  approximate  boundary 
conditions),  we  have  to  discuss  (from  a  mathematical  point  of  view)  the  quality  of  the 
associated  approximate  solution,  and  to  prove  that  it  tends  to  the  exact  solution  of  the 
physiccil  problem.  This  is  indeed  an  ambitious  research  programme ...  we  caxmot manage 
it  without  the  help  of  functional  analysis. 

2  -  DIFFRACTION  BY  A  ROD :  THE  SCALAR  PROBLEM 

2.1.  Notations. 

Let  us  now  consider  (fig.  1)  a  cylindrical  rod  whose  generatrices  are  parallel  to  the  z 
axis  and  whose  cross  section  is  the  interior  £12  of  the  closed  curve  F.  We  denote  by  £li 
the  exterior  of  F.  The  regions  flj  and  £12  are  respectively  filled  with  a  material 
characterized  by  kj  and  k2.  The  constant  kj  is  real  but,  to  skip  over  some  theoretical 
complicatioris,  k2  is  assumed  to  be  a  complex  number  whose  imaginary  part  is  strictly 
positive.^  We  assume  ^hat  the  electric  field  is  linearly  polarized  in  a  parallel  direction  to 
the  z  axis  and  depends  only  on  x  and  y.  Consequently  the  total  (electric)  field,  and  the 
known  incident  field  as  well,  can  be  described  by  only  one  scalar  function  (namely  tiieir  z- 

component)  that  we  call  respectively  U(x,y)  and  U^'(x,y). 

2.2.  The  field  representation. 

The  total  field  U  we  are  looking  for,  will  be  represented  by  an  ordered  pair  of 
functiorts  u  and  v,  defined  on  F  as  follows  :  u  is  the  restriction  of  U  to  F,  and  v  is  the 
normal  derivative  3^11  of  U  on  F.  The  pair  will  be  denoted  by  F  (the  first  letter  of  field) 
With  usual  notation  we  have  therefore : 


^  Using  their  own  language  and  without  more  or  less  esoteric  mathematical  words. 
2  From  the  practical  point  of  view,  this  restriction  is  not  essential ;  see  sectJon  27 
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(1)  u  =  U|p,  v  =  3nU,orDrU,  F  =  (u,v)  . 

It  must  be  noticed  that  U(x,y)  is  a  function  defined  on  whereas  u,  v  and  F  are  functions 
of  one  variable  (the  curvilinear  abscissa  t  or  some  other  parameter)  defined  on  the 
curve  r.  Functions  u  and  v  are  unambiguously  defined  because,  due  to  the  boundary 
conditions,  U  is  continuous  and  its  normal  derivative  has  not  jump  on  F. 

Similarly,  a  known  and  unambiguously  defined  pair  can  be  associated  to  the 
incident  field  : 

(2)  F^'=(u"Sv‘"^),  u'''‘==U‘""|^,  v'""  =  DrU^‘=  . 

It  must  be  emphasized  that  F  is  a  good  representation  of  U(x,y)  in  the  following  sense :  if  F 
is  known,  we  know  U|p  and  Dp  U,  which  allows  us  to  compute  U  everywhere  in  ^2 

using  the  Kirchhoff-Helmholtz  formula.  But,  because  F“'‘^  is  given,  we  also  know  the 
value  of  the  diffracted  field^  and  its  normal  derivative  on  F,  which  allows  us  to  compute 
this  out-going  field^  in  Qj,  using  again  the  Kirchhoff-Helmholtz  formula  (K.H.  formula). 
In  other  words,  as  soon  as  F  is  known,  the  diffraction  problem  is  reduced  to  standard 
computations  requiring  only  a  good  computer  code  for  Hankel  functions. 


Fi'^.  t.  £22  is  bounded  but  £Ji  is  not.  The  arrow  gives  Fi^.  2,  Example  of  curves 

the  conventional  direction  of  the  tangent  unit  vector  t.  ^  ^  xohich  we  can 

The  normal  unit  vector  n  =  a  t  point's  towards  Qi-  put  the  fictitious  sources. 

t 

Let  us  now  make  some  further  comments  about  functions  u  and  v.  A  physicist  will 
certainly  agree  that  the  diffraction  problem  w€  are  dealing  with  has  one  and  only  one 
solution.  On  the  contrary,  a  mathematician  cannot  discuss  existence  and  uniqueness 
without  knowing  in  what  function  space  he  has  to  find  a  solution.  It  seems  judicious  to 

require  that  the  solution  belong  to  Hioc(R“,Aj  in  order  to  be  able  to  define  an 

electromagnetic  energy.®  Under  this  requirement,  existence  and  uniqueness  are 
established  and  it  can  be  shown  that  u  and  v  necessarily  belong  respectively  to  the 

Sobolev  spaces  H’^^(F)  and  H'^'^^CF)  .  Unfortunately,  and  from  the  numerical  point  of 
view,  the  scalar  products  associated  to  these  spaces  are  not  easy  to  handle  ...  But  the 

mathematicians, [1]  also  say  that  provided  F  is  sufficiently  regular  (class  for  example). 


®  defined  in  as  U  — U^*^. 

^  a  field  satisfying  the  Sommerfeld  radiation  condition. 

is  the  space  of  functions  f  such  that  f  and  Af  belongs  to  j  . 
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and  if  the  solution  is  required  to  belongs  to  ,  then  u  and  v  necessarily  belong 

respectively  to  H^F)  and  H°(r)  .  Notice  that  l-^(r)  is  nothing  but  the  familiar  space 
L^(r)  ).  In  other  words,  and  from  now  on,  we  will  assume,  in  all  our  theoretical 

considerations,  that  F  is  a  curve  and  that  the  total  field  U(x,y)  is  somewhat  more 
regular  than  it  should  be  to  only  ensure  the  existence  of  the  electromagnetic  energy. 

Correlatively  we  will  claim  that  u  and  v  respectively  belongs  to  H^(r)  and  L^(F) 

Clearly  this  proposition  also  holds  for  u*"'  and  v““  ,  since  the  incident  field  U““(x,y)  is 
indefinitely  differentiable. 

2J3.  Some  function  spaces  and  their  fundamental  properties. 

We  call  T'  the  vector  space  whose  elements  are  pairs  of  functions  u  and  v 
defined  on  F  and  such  that  ueH^F)  and  ve  L^(r) .  In  other  words  5^=  H^(F)x  l?(F) . 
Space  T  is  endowed  with  a  scalar  product  (.1.)^  inducing  a  norm  |  .  |^  .  If  3,  and 

denote  respectively  the  tangential  and  normal  derivatives  on  F : 

(3)  =  ai  Jj.  U|U2dl'  +  a2|j.  atUi8tU2df  +  a3  3„Vi a„V2  df  ,  |<{>|y,=  (<f>|<t>)y 

It  is  of  course  recommended  to  choose  the  positive  numbers  &i,  &2,  ^3  iu  such  a  way  that 
the  three  terms  appearing  in  the  right  side  of  (3)  have  the  same  dimension ;  as  for  their 
numerical  values,  it  is  a  matter  of  numerical  optimization. 

For  what  follows  it  is  convenient  to  introduce  two  subspaces  of  V ,  denoted  by  5^ 

and  5^.  A  pair  <|)  =  (u,v)  is  said  to  be  element  of  7^  if  there  exists  a  function,  defined  and 

continuous  in  122 • 

a)  Af+kffsO  in  Qi  ,  b)  u  =  fjj.,  v  =  Drf  . 

Briefly  we  can  say  that  u  and  v  must  be  "  the  boundary  values  on  F  "  of  a  two  variable 
function  satisfying  the  Helmholtz  equation  in  Q2. 

Subspace  is  defined  in  a  similar  way  replacing  122  by  f2|  and  k2  by  kj  ;  but, 
because  is  unbounded,  we  moreover  require  f  to  satisfy  the  Sommerfeld  radiation 
condition. 

Clearly,  if  f(x,y)  is  looked  on  as  the  z  component  of  an  electric  field,  then  v  can  be 
interpreted  (within  a  multiplicative  constant)  as  the  tangential  component  of  the 
associated  magnetic  field.  Anyway,  and  as  pointed  out  in  [3],  we  can  attach^  to  each  of  the 

0=1,2)  art  impedance  operator  2  j  and  an  admittance  operator  Yj  defined  by  ; 

(4)  v=YjU  ,  u=2jV  . 

Referring  to  Cessenat's  work  (4,2],  these  operators,  also  often  called  capacity  operators, 
'  have  jm  extremely  important  property.  They  are  inverse  of  each  other  and  they  are  both 
iinear  and  continuous.  It  must  be  emplasized  that  the  continuity  (that  will  play  an 

essential  role  subsquently)  could  not  be  established  assuming  that  0  belongs  to  L^(r) 
rather  than  to  H^r).  Of  course,  since  we  speak  of  continuity,  and  7^  uiust  be 
topological  spaces.  For  each  of  them,  we  have  to  define  what  we  mean  when  we  say  that  a 

6  H*(F)  is  the  Soboiex^  space  of  functions  which  are  square  integrabie  on  F,  as  well  as  their  generalized 
first  derivative.  , 

^  This  is  to  ensure  the  existence  of  these  operators  that  we  required  k2  not  to  be  iseal 
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sequence  of  functions  tends  to  zero.  We  will  say  that  «p„  0  in  5^  if  |<Pn  0.  In  other 

words,  we  will  use  on  ^  the  topology  induced  by  the  J’' topology. 

As  a  first  consequence  of  the  continuity  of  the  impedance  and  admittance  operators,  it  is 
worth  noting  tiiat  and  ?2  ^olh  closed  subset.  As  a  matter  of  fact,  let  us  consider  a 

sequence  of  pairs  ^>n  =  ("n  Vn )  belonging  to  and  such  that  lim  (|)„  =  (ji  =  (u,  v).  Due  to 
the  continuity  of  Y  j  ,  lim  =  lim(Y  j  u^  )= Y  j  u.  Therefore  v  =  Y  j  u ,  which  means  that 
^e^CQED). 

Last  but  not  the  least,  it  can  be  proved  that  any  pair  can  be  decomposed  into  the 

sum  of  two  pairs  ^  and  ^  ,  with  e  and  it>2  ^  Moreover  this  decomposition  is 

unique.  In  other  terms  is  the  direct  sum  of  and  : 

(5)  r=3f©5^ . 

The  proof  of  this  fundamental  theorem,  called  hereafter  theorem  of  the  direct  sum,  is 
given  in  Appendix  A.  Referring  to  the  specialized  literature,  the  reader  will  be  able  to 
convince  himself  that,  because  and  ?2  closed  subsets,  T,  as  given  by  (5),  is  not 
only  an  algebraic  direct  sum  but  also  a  topological  one.  As  for  us,  we  reached  this 
conclusion  by  reading.the  famous  book  by  T.  Kato  [5]. 


2A.  The  solution  of  the  diffraction  problem. 

As  noted  at  the  end  of  section  2.2,  the  known  pair  (associated  to  the  incident 

field)  belongs  to  V.  This  known  pair  can  therefore  be  decomposed  in  a  unique  way 
as: 

(6)  F^=4*i+«2,  heVi  . 

Now,  it  must  be  understood  that,  if  this  decomposition  has  been  successfully  completed, 
the  diffraction  problem  can  be  considered  has  virtually  solved  because  the  pair  <|>2  is 
nothing  other  than  the  pair  F  we  are  looking  for.  As  a  matter  of  fact,  we  can  write : 

(7)  F^  =  F‘"'=-F  +  F  . 

Obviously  -  F  and  F  respectively  belong  to  7^  and  5^  and,  since  the  decomposition  of 
F“^  is  unique,  we  get,  comparing  (7)  with  (6) : 

(8) .  F‘^-F  =  <t>i  and  F=42  (Q-ED.)- 

The  question  is  now  how  to  achieve  decomposition  (6).  There  exists  for  that  a  general 
procedure.  Let  us  suppose  that  we  know  a  total  family  and  a  total  family 

in  ^  .  For  a  fixed  integer  N,  we  consider  the  positif  number  Ajq  defined  as : 


P)  ,  An  =  -  Xc,„  -  X  Cj, 

I  n=l  n=l  ir 

where  the  Ci^  and  the  C2j,  are  complex  coefficients,  then,  using  a  least  squares 
algorithm  {L5.A.),  we  determine  those  coefficients  Ci^(N)  and  C2^n(N)  thatgiveto  An  its 
minimal  value  A^  .  We  thus  obtain  approximants  ^  and  for  (|>i  and  ^>2  ,  that  is  to 
say,  from  (8),  for  -  F  and  F : 

(10)  ^  '  ^  =  X^2,n'^2.n  • 

n=l  n=l 

Of  course,  intuitively,  the  larger  N,  the  better  the  approximation  ..  Mathematically 
speaking  the  procedure  is  convergent  in  the  following  sense : 
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(a)  liinAN=0,  •  Cb)  linJ<>j-^f'|L=0  ,  j=l,2 

The  last  point  is  a  consequence  of  the  continuity  of  the  applications  ^  ^  4>2 

(namely  the  projection  of  l^on  along  ,  and  the  projection  of  Ton  along  TQ  ^ 
book  by  Kato  [5],  this  contunuity  is  established  as  a  consequence  of  the  closed  graph 
theorem,  (see  p.  156  and  166).  Again  we  are  rather  far  from  elementary  mathematics 

2.5,  Examples  of  total  families  in  Ty  and  72- 

In  a  previous  paper  [3],  we  establish  the  two  following  theorems : 

Theorem  1.  plus  theorem  applies  if  F  is  a  curve). 

Let  Yi  (resp.  fj)  be  a  simple  closed  curve  located  in  Q2  (resp.  Qj)  and  following  the 
curve  r  at  some  distance  (Fig.  2).  Let  us  introduce  a  set  of  fimction  (resp.  Sj^)  which 
form  a  total  family  in  L^{yi)  (resp.  L^(Y2))-  For  j  =  1/2,  let  ej^n  be  the  solution  of 
ACj^  +  k^  Cj  n  =Sj^„  5.^.  satisfying  the  radiation  condition.  Then  the  pairs  •I*!/"  defined  on  F 


form,  for  a  fixed  j  (j  =  1  or  2)  a  total  family  in  2^ .  It  must  be  noticed  that,  because  is 
the  field  radiated  by  a  source  Sj^n  8y,  (whose  support  belongs  to  yj),  is  analytic  in  the 

neighbourhood  of  F,  which  of  course  allows  us  to  claim  that  the  components  of  <t)j^n 

indeed  beong  to  H^(F)  and  L^(F)  .  The  proof  of  the  theorem  can  be  found  in  [3] ;  but, 
because  of  its  importance,  it  is  given  again  in  appendix  B  with  only  slight  modifications, 
whidt  I  think  are  changes  for  the  better. 

Theorem  2.  (This  theorem  applies  if  F  is  a  C**  curve). 

Curves  yj  and  y2  being  defined  as  in  theorem  1,  consider  a  countable  and  dense  set  of 

points  Pj  n  on  Yj  (ne  M)  .  Let  Cj  ^(M)  be  now  the  solution  of  Aej^  +k?  e^,  = 
and  satisfying  the  radiation  condition.  Then  the  pairs  <l)j  n  defined  on  F  by : 

form,  for  a  fixed  j  (j  =  1  or  2)  a  total  family  in  . 

It  must  be  noticed  that  ej^n(M)  is  now  the  field  radiated  by  a  point  source.  Therefore, 
Cj  n(M)  is  nothing  other  than  Ho(kj  Rj^n]  ,  where  Rj  „  is  the  distance  between  points  M 
and  Pj  n  .  Again  one  can  refer  to  [3]  for  the  proof  which,  once  more,  requires  a  good 
background  in  Mathematics.  We  had  to  make  use  of  the  famous  Hahn-Banach  theorem 
and  also  of  the  notion  of  total  family  of  distributions  :  see  appendices  C,  D,  E  in  [3].  As  a 
by-product,  we  got  a  form  of  the  reciprocity  relatiorrs  that  I  never  saw  in  the  literatiue.*  I 
carmot  keep  myself  from  giving  it,  although  reciprocity  theorems  are  not  the  subject  of 
thispaper. 

Theorem  3.  Let  y  and  y  be  two  closed  C*  curv'es  which  do  not  intersect.  As  usuaL 
we  denote  by  ^(y)  and  3(y)  the  spaces  of  indefinitely  differentiable  complex  functions 


®  which,  of  course,  is  not  a  proof  of  its  originality. 
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-i^pectivdjr  dteSned  cm  yand  f  .  Of  course  3’(y)  and  ^'(y)  are  *e  corresponding  spaces 

<rfciistribaH<ms.Toany  s€^’(Y)  weassociates5^e^*(R^]  : 

(sS,>vy  =  (s,ijc{^i  ,  where  viy  denotes  the  restriction  of  V  to  y. 
Qmsider  sc  s  c  #*{Y)  *  ^  defined  as  the  unique  solution  of  Au4-  k  u  =  s  5^  with 

sadiaticm  condition,  vk  defined  as  the  unique  solution  of  Au  4- ku-s  5^  with  radiation 
CBOaffiditicm.  We  caU  #  to  to  y[V-  uy  and  ^  to  restriction  of  u  to 

=  We  claini  that  {s,f)=:  (5,9)  ,  where  a  bracket  such  as  (s,<p) 
B^jsesents,^  a®  usuM,  to  nutoer  associated  to  9  e  .^(Y)  by  a  distribution  s  ;  if  s  is  a 
hmetkm,  tos  nurofaer  is  given  by  the  integral  J  S9df  (See  [3]  for  theproof). 

2^  sources  and  the  mmtericdl  recipe. 

it*to  steteinehtbf  theorem  1  (and  of  toorem  2  as  well),  the  components  of  a  pair 
^  are  to  *  boundary  values  on  F  "  Of  to  field  Cj^n  radiated  ihfij  by  a  source®  Sj^ 
located  on  Y{*  As  previously  explained,  and  usiug  K.H,  formulas,  the  knowledge  of  <j)2,n 
(lesp.  9iji)  allows  us  to  find  to  tot^  field  (resp,  diffracted  field)  in  %  (resp.  Qj).  But,  in 
fact,  to  use  of  KJi  formulas  is  not  necessary  :  to  field  associated  in  £2j  with  the  pair  9j;n 
ssnsthing  other  that  to  field  ej^  itself  (since  to  difference  of  these  two  fields  would  be  a 
field  d®cribed  by  to  null  pair).  As  a  epnseqtience,  aH  the  tooreticar and  rather  subfie 
censMerations  developed  up  to  now,  indeed  lead  to  a  numerical  repice  very  easy  to 
wtdeistand  and  to  implement  on  a  computer : 

Consider  N  sounds  Sj^  located  on  Yi  ^nd  N  sources  S2^n  located  on  Y2-  us  call  ej^ 
(resp,  )  the  field  radiated  in  the  whole  space  fiHed  with  an  homogermous  material 
described  by  kj  (resp.  k2).  Then  we  retain  as  a  approrimantof  to  tbtalfield  totoM 

defined  as  follows : 


(11)  Un  = 


•  I  ^2,N  *X  in  Qj 

I  ■  ■  .  ;  l«=l 

where  c^^  ,,  and  Cj^  are  ttrose  coefficients  C|^  and  c^,  that  minimize  : 


An  “t*”' +  Xci^^,h  ~ 

I  11=1  11*1  ly 


Gafiing  to  minimal  value  of  A^,  we  can  use  the  value  of  A^  as  a  measureiheht  of  to 

quality  of  our  approximate  solution  (remember  tot  Ajyi  must  decrease  and  tend  to  zero  if 
N  is  going  to  infinity).  It  is  worth  noting  that,  from  the  classical  boundary  conditions,!® 

;N.  '  -N 

An  would  be  zero  if  <h,n  X®2ji  were  respectively  replaced  by  to 

nsl  n=;l 


^  Ihis  source  is  a  surface  current  wi^  current  densiy  in  theorem  1,  and  a  ID  wire  current  in  tiieorem  2. 

Up  toiK3w,  m  puurcompufatiom  ,  vsmere  Lj  is  thelengdi  of  yj. 

^  Gii  lK)lh  ^  and  its  normal  derivative  ha  ve  no  jum^ 
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(iiiJcnown)  pair  associated  to  the  diffracted  field  in  and  the  (unknown)  pair  associated 
with  the  total  field  in  Q2  minimizing  is  the  means  used  in  the 

M.S.F,  to  enforce  the  boundary  conditions  on  F.  The  idea  of  expressing  the  boundary 
conditions  through  the  minimization  of  a  convenient  norm  is  not  new.  For  example^  it  has 

been  intensively  used  in  Japan  (using  a  classical  I?  norm)  by  K.  Yasuura  and  his 
collaborators  [6].  As  mentionned  in  [7,8,9],  the  Yasuura  method  can  be  considered  as  a 
particular  case  of  the  M.F.S. 

At  this  stage  of  the  analysis,  it  must  be  emphasis  that  the  M.F«S*  reduces  the 
diffraction  problem  to  two  canonical  probl  ems  namely  :  (a)  -  the  computati on  of  the 
field  radiated  in  an  infimte  homogeneous  medium  by  a  known  distribution  of  current, 
(b)  the  least  square  problem.  The  former  is  a  matter  of  integral  calculus ;  since  ttie  Green's 
function  is  kriown  (i.e.  a  Hankel  function),  at  most  we  have  to  perform  a  convolution 
product.  The  latter  is  a  traditional  chapter  of  any  text  book  concerned  with  applied 
mathematics.  Nevertheless  we  encountered  some  numerical  problems  when  dealing  with 
the  famous  Gauss  normal  equations  ...  hut  fortunately  we  benefi tied  from  the  adyice 
given  in  "Solving  Least  Squares  Problems”  by  CL.  Lawson  and  R.J.  Hanson,  Prentice- 
Hall,  1974  (Use  of  Householder,trarLsformation,  singular  value  decomposition  ...etc). 
Remark  :  In  our  theoretical  work,  we  have  been  especially  cpncemed  with  two  types  <rf 
fictitious  sources  (see  theorem  1  and  2)  but,  from  the  practical  point  of  view,  other  sources 
can/ of  course,  be  used.  Let  us  refer  to  fig.  3  and  suppose  we  have  got  a  satisfactory 
solution  assuming  for  the  diffracted  field  to  be  generated  by  N  wires  represented  by  N 
points  on  Moreover  suppose  that,  as  shown  in  the  figure,  a  certain  number  of  points 
Pn  (say  those  corresponding  to  are  in  a  disk  Dj  centered  at  C  and  contained 

in  Q2/ Then,  taking  the  origine  O  of  the  coordinate  system  at  C,  and  putting  =  P„M  , 
^  for  n-l,2,...,Ni,  and  for  any 

mcZ 

The  ccmtribution  of  aU  the  points  Pn  loxated  in  Di  is  therefore : 

m€Z  V  .  > 

Whidi  can  be  interpreted  as  the  field  of  a  multipole.  In  other  words,  we  can  replace  the  Ni 
point-sources  (monopoles)  lying  in  Dj,  by  a  multipole  source.  This  remark  slu>ws  there  is 
a  liiik  between  our  work  and  the  work  done  by  C.  Hafner  and  his  collaboratore  at  the 
Institute  fiir  Feldtheorie  in  Zurich.  They used  extensively  the  multipoles  as  recalled  by  the 
title  of  foeir  book  [lOJ. 


From  the  "addition  theorem"  for  Hankel  functions,  since  rn<r. 
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2-7.  Straightforward  generalizations. 

If  it  is  the  magnetic  field  (rather  than  the  electric  field)  which  is  parallel  to  the  z  axis, 

our  uxtknown  function  U(x,y)  must  be  defined  as  the  z  component  of  Then  we  have 
only  to  change  the  definition  of  the  pairs  and  to  make  some  suitable  modifications  in  the 
theoretical  considerations.  The  first  component  of  the  pair  F  is  still  u = U|p  but  the  second 
is  now  (eo  /  epnU  on  T.  As  a  rule,  the  components  of  a  pair  must  be  unambi^ously 
defined  functions ;  here,  and  due  to  the  boundary  conditions,  v  has  indeed  the  same  value 
on  both  side  of  r. 

Up  to  now,  we  assumed  Im(k2)  to  be  strictly  positive,  but  our  conclusions  still  hold 
if  Im(k2)=0,  except  for  some  isolated  values  of  k2  (linked  with  the  eigenvalues  of  the 
Lapladan  operator  in  Q2)’  from  the  practical  point  of  view,  it  can  be  said  that  the  M.F.S. 
also  works  for  dielectric  rods.  Maybe  we  are  lucky  but,  up  to  now,  we  never  encountered 
difficulties  in  our  computations. 

The  M  J.S.  also  works  for  an  infinitely  conducting  obstacle.  In  this  case,  we  have 
only  to  suppress  the  fictitious  sources  associated  to  72-  The  rule  is  indeed  very  simple ;  the 
total  field  U  being  now  null  in  £12'  '^6  can  suppress  the  sources  introduced  to  produce  U 
in  £12  when  this  region  was  filled  with  a  metal  of  finite  conductivity. 

3  -  DIFFRACTION  BY  SEVERAL  RODS 


In  this  section  we  suppose  that  the  diffraction  obstacle  consists  of  two  rods  which 
are  parallel  to  the  z  axis  and  whose  ctoss  sectior\s  are,  to  a  large  extent,  arbitrary.  We  will 
be  brief  because  a  detailed  paper  has  been  published  in  the  J.O.S.A.  [11].  Dealing  wiA  the 
case  of  polarization  already  used  in  sect.  2,  we  only  want  to  draw  the  reader's  attention  to 
the  main  problems  we  had  to  face  with. 


y 

aii.  ugllj 


(b) 


Fi-y,  4.  Diffraction  by  several  rods :  (a)  -  two  rods :  -  r2  u  Fs  =  F  and  ‘fi  7^,2  Yu 

(b).- a  coated  rod :  F2  =  Fj  u  F3  =  F 
3.1.  Notations. 

It  is  convenient  to  introduce  three  regions  £li,  £12,  £13-  denote  by  Fj  the 
boundary  of  £lj  and  we  characterize  the  homogeneous  material  which  filled  £2j  by 

k^  =  CD^  Ej  Po-  What  we  call  now  F  is  the  union  of  the  Fj  (f  =  Uj  Fj  j.  At  any  point  of  F,  we 


define  the  tangent  unit  vector  t  (with  a  conventional  direction)  and  the  normal  unit 
vector  nse^At.  One  can  see  in  Fig.  4  two  different  possible  situations,  namely  two 
separated  rods  (Fig.  4a)  and  a  coated  rod  (Fig.  4b).  It  is  worth  noting  that  region  £li,  in 
which  the  incident  field  is  propagating,  is  not  bounded  contrarily  to  £12  and  £13.  As  we 
did  in  Sec.  1,  the  fields  U  is  still  represented  by  a  pair  F  =  (u,v)  and  the  definition  of  the 
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pair  components  remains  unchanged.  On  the  other  hand,  the  incident  field  U““  is 
represented  by  a  pair  in  a  slightly  different  way : 

(12)  F'“  =(E'"'|rj ,  DrjE*^J  on  Ti  and  (0,0)  elsewhere. 

Space  r  is  still  rf(r)xL*(r)  and  subspace  Q  =  1,23)  are  defined  as  in  section  2  : 
briefly,  a  pair  (u,v)  belongs  to  if  u  and  v  are  “  the  boundary  values  on  Tj  *  of  a  furudion 

ty  satisfying  the  Helmholtz  equation  +  k?f  =  0  in  £2j  (and  the  radiation  condition  if  j*l). 

ZJLJhe  theorem  of  the  direct  sum. 

This  fteorem  still  holds.  We  have  now  :  ®  ©Vj  and  the  generalization 

to  N  regions  would  be  straighforward.  The  proof,  given  in  [11],  is  unfortunately  more 
intricate  ;  let  say  ordy  that  we  have  not  been  able  to  avoid  the  introduction  of  new 
functions  Oy  (j=l,23)  defined  on  F,  which  maybe  makes  the  reasoning  somewhat  difficult 
to  follow  in  details. 

33.  The  numerical  recipe. 

On  tiie  contrary,  the  numerical  implementation  do  not  present  new  difficulties.  Let 

us  explain  what  we  have  to  do,  referring  to  fig.4a.  For  each  j,  we  introduce  a  curved  (<w  a 
union  of  disjoint  dosed  curves)  Vj  lying  in  the  complement  of  l^uFj  and  following  the 
curve  Fj  at  some  distance.  Possible  curves  are  shown  irv  the  figure  using  the  following 
convention :  curve  jy  Q!=i,23)  is  composed  of  dashes  separated  by  groups  of  j  dots.  Since 
Fj  is  the  union  of  F2  and  Fj/it  must  be  noticed  that  is  union  of  (a  curve  lying  in 
fly)  emd  Y13  (a  ciurve  lying  in  fly.  To  each curve  yj  we  attach  N  fictitious  soiurces  Sj^n 
(n=l,N)  which  radiate  a  field  in  the  whole  space  supposed  to  be  filled  with  the 

material  described  by  kj.  We  look  for  an  approximate  solution  0^.  In  fly  or  in  fly,  Un  is 
defmed  as  a  linear  combination  of  the  ej^ : 

(13)  j*'2»3 

ll»l 

and  in  fli>  where  we  have  to  take  account  of  the  incident  field : 

^  N  ' 

(13>  Uu.,=Xci,n^e^^^  . 

Itsrl 

Now,  as  we  did  in  Sect.  1,  we  have  to  express  tiie  boundary  conditions  on  F  through  the 
minimizatioh  of  a  certain  positive  expression.  Since  F  is  the  union  of  and  r2  (Fig.  4a), 

the  squaied  nonn  of  a  pair  defined  on  F  is  now  the  sum  of  two  integrals  (oite  on  Fj  and 
one  on  Fy )  ;  wife  ctovious  notations ; 

(M)  I  f  d  f.+l  f. 

It  is  convenient  to  denote  by  y  and  Fjy  the  pairs  repre^nting  fee  field  radiated  by  the 
fictitious  sources  placed  on  2  respectively.  In  a  similar  way^  for  j  =  2  or  3,  we 

denote  by  the  pak  representing  by  the  fictitious  sources  placed  on 

Yj  .  The  determination  of  coefficient  cj^  is  carried  out  by  minimalization  of : 

(15).;  An 

For  the  study  of  fee  coated  rod  (Fig.  4b),  fee  reader  can  refer  to  [ll]. 
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3.3.  An  important  comment 

Fig.  5  shows  another  diffraction  problem  in  which  the  diffracting  obstacle  is  a 
heterogeneous  rod  made  of  two  jointed  homogeneous  rods.  We  have  indeed  solved  the 
associated  problem  with  the  M.F.S.  putting  the  fictitious  sources  on  curves  Yj  looking  like 
the  ones  shown  on  fig.  5b.  But,  as  explained  in  [11],  we  are,  in  such  a  case,  confronted  with 
new  theoretical  difficulties.  The  M.F.S.  indeed  seems  to  work  (as  shown  by  our  numerical 
experiments),  but  we  have  not  been  able  to  give  a  theoretical^  Ijroof  of  its  convergence. 


mn,  mu,  on,  --j;  --!f --I 

Fig.  5.  Two  jointed  homogeneous  rods.  ^  C> 

DIFFRACTION  BY  ONE  ROD  ILLUMINATED  BY  A  PLANE  WAVE 
rOSE  WAVE  VECTOR  k*"'  IS  NOT  PERPENDICULAR  TO  THE  ROD 


This  question  that  cannot  be  reduced  to  a  scalar  problem  has  been  also  solved  using 
the  M.F.S.,  as  recently  described  in  the  J.E.W.A.  [12].  Putting  y  =  ^*"'.6,,,  it  can  be  shown 
that  d’(x,y,2)  =  E(x,y)exp(iYz)  and  6^(x,y,z)  =  H(x,y)exp(i72). 

As  well  known,  it  is  possible  to  express  the  tangential  components  (on  F)  of  E  and 
H  in  terms  of  Ez  and  Hz-  These  components  are  unambigiously  defined  (they  take  the 

same  values  on  both  sides  of  F) ;  they  form  a  ordered  set  of  functions  (a  quadruplet  F),that 
we  use  to  represent  the  total  field.  More  generally,  any  field  sufficiently  regular  can  be 

represented  by  such  a  quadruplet  (rather  than  by  a  pair  as  we  do  for  (y  =  =  o)).  For 

space  limitation  reasons,  it  is  impossible  to  go  into  all  the  details.  Let  us  only  say  that, 
again  the  problem  can  be  reduced  to  the  minimization  of  a  norm  which,  by  the  wav,  is  for 

Y^iO  a  traditionnal  norm.  However,  for  yj^O,  we  have  now  to  determine  four 

sequences  of  coefficients  instead  of  two  (for  y  =  0).  In  conclusion,  the  algorithm  proposed 
and  justified  in  [12],  which  seems  at  first  glance  rather  intricate  is,  after  due  cortsideration, 
a  straighforward  generalization  of  the  algorithm  described  in  section  2.  The  associated 
numerical  recipe  is  again  simple  to  understand  ...  but  of  course  the  programming 
becomes  cumbersome  and  the  computation  time  increases.  Anyway  the  numerical  results 
given  in  [12]  show  that  it  works  ! 

5.  DIFFRACTION  OF  A  PLANE  WAVE  BY  A  GRATING 

From  the  mathematical  point  of  view,  there  exists  indeed  a  strong  correlation 
between  the  diffraction  by  a  rod  (Problem  1)  and  the  diffraction  by  a  grating  (Problem  2). 
In  the  first  problem,  the  fields  are  functions  of  the  polar  coordinates  r,  6  ;  these  functions 
are,  for  fixed  r,  periodic  in  0,  with  period  27C ;  very  often,  the  cross  section  of  the  rod  can  be 
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described  by  a  function  f(9)  which  h^  itself  the  period  2ic.  In  the  second  problem,  the  • 
fields  are  functions  of  the  cartesian  coordinate  x,  y ;  in  normal  inGidence,^^  these  functions 
are,  for  fixed  y,  periodic  in  x  with  period  d  =  2n  (provided  we  choose  conveniently  the 
unit  of  length) ;  very  often,  the  grating  profile  can  be  described  by  a  periodic  function  f(x) 
with  period  27c.  Thanks  to  this  preliminary  remark,  itis  possible  to  make  M.F5.  algorithms 
suitable  for  the  Electromagnetic  Theory  of  Gratings  [13,  7].  Even  the  case  of  conical 

diffraction  (y  =  k^'-e^  o)  has  been  recently  solved,  in  collaboration  with  F.  Zolla,  as  an 

adaptation  of  our  paper  in  the  J.E.W.A.  [12].  This  last  work,  carried  out  in  the  framework 
of  a  contract,  has  not  yet  been  published ...  we  are  now  preparing  a  paper. 

When  passing  from  rods  to  gratings,  there  is  however  something  wWch  is  worth 
noting.  In  both  cases,  an  important  step  is  the  computation  of  the  fields  radiated  by  the 
fictitious  sources.  We  need  therefore  to  make  the  convolution  product  of  a  given 
distribution  with  a  Green's  functioru  For  a  rod,  this  Green's  function  is  nothing  other  than 
a  Hankel  function  for  which  efficient  programmes  do  exist  in  any  computer  library.  On 
the  contrary,  in  grating  Theory  [13],  and  taking  d  =  2x,  the  Green  function  is 


g(x-xo,y-yo)  with  g(x,y)  =  ^  ,  Xn  /  a„  =n+ksin(0“*] 

This  series  converges  slowly  for  small  values  of  |y|  and  is  not  absolutely  convergent  for 
y  -  0.  However,  when  dealing  with  the  M.F.S.,  we  must  be  able  to  compute  g(xo,  yo)  with 

a  great  accuracy^^  (10~^°  for  example)  and  in  a  reasonable  time,  whatever  xq  and  yo 
(except  for  xo  =  0  and  yo  =  0).  We  have  been  working  a  lot  on  this  affair  during  the  last 
months.  As  explained  in  [14],  it  hyns  out  that,  after  a  Rummer's  transformation,  we  are 
led  to  series  whose  sum  can  be  expressed  in  terms  of  polylogarithms  [15].  The  values  of 
these  rather  exotic  special  function  are  available  in  MATHEMATIC  A  but  they  seem 
difficult  to  get  from  a  FORTRAN  library.  We  first  computed  them  with  a  "home-made 
programme",  but  we  use  now  a  much  more  efficient  one  provided  by  Dr.  G.A.  Erskine 
(C.E.R.N.  -  Geneve).  It  is  worth  noting  that  very  recently  my  colleague  Cadilhac 
suggested  to  express  the  grating  Green's  function  by  an  integral  rather  than  by  a  series. 


He  allows  me  to  show  you  the  result  of  his  unpublished  work ;  assuming  again  d=2it : 

1  1  t  f  e“*  e”***  \cosbv  j, 

(16)  g(x.y)=:^Hj(kr)-— ji 


with  r=-^x^+y^  ,  a=Vk^-b^  ,  ao  =  ksin(0'"'') ,  the  integration  parii  being  in  die 
complex  plane,  the  curve  b  =  (l-i)t,  t  >  0.  We  checked  that  the  results  obtained  wi*  the 

polylogarithm  method  are  in  perfect  agreement  (within  10“®)  with  those  obtained  from 
(16)  after  numerical  integration.  MoreOyer  for  certain  points  (x,y),  Cadilhac's  method  is 
the  most  rapid  (often  by  a  factor  5).  This  is  why  it  will  be  likely  introduced  in  our 

programmes  (at  least  as  a  conditional  branch)  in  the  near  future. 


6  -  CGNCLUSION  AND  ACKNOWLEDGMENTS 
.  Since  officially  sudi  a  paper  must  not  exceed  twelve  pages  ...  it  is  about  time  that  1 
conclude  very  briefly.  In  this  paper,  we  have  been  mainly  interested  with  the  theoretical 
aspects  of  the  M.F.S.  but,  during  the  last  years,  we  performed  a  lot  of  numerical 


12  an  arbitrary  incidence  0*"',  the  fields  are  only  pseudo-periodic  but,  as  explained  in  [13],  this  is  not  a 
serious  compiicatioa 

Indeed  we  need  not  only  the  Green's  function  but  its  first  derivatives  as  well. 
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experiments  [3^  11, 12]  to  get  some  ideas  on  the  efficiency  and  on  the  limits  of  the  method. 
Indeed  it  must  be  emphasized  that  the  "speed  of  convergence"  strongly  depends  on  the 
choice  and  on  the  location  of  fictitious  sources*  This  is  clearly  shown  in  our  previous 
papers,  in  Hafner's  book  [10],  or  in  the  numerous  papers  written  in  Israel  by  Leviatan  and 

his  collaborators  [16].  From  the  theoretical  point  of  view,  the  choice  of  curves  71  and  yi  is, 
to  a  large  extent  arbitrary  ;  but,  for  a  given  problem,  there  is  in  fact  an  optimal  choice 
which  is  a  matter  of  habit.  The  M.F.S.  is  a  powerful  and  a  very  flexible  method  but  its  use 
can  be  a  tricky  job.  An  inexperienced  user  will  not  choose  the  **good  sources"  at  the  first 
attempt.., 

Because  this  paper  is  essentially  concerned  with  already  published  results,  I  am 
very  grateful  to  my  colleagues  M,  Cadilhac,  G.  Tayeb  and  F*  Zolla  who  have  been  my  co¬ 
workers  and  co-authors,  and  without  whom  this  invited  paper  would  never  have  been 
possible. 
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Appendix  A :  Proof  of  the  fundamental  theorem  T=7|  01^  . 

Given  a  pair  4  =  (u,  v) ,  let  us  consider  the  unique  fonction  g  that  satisfy  the  Sommerfeld  radiation 

solution  and  is  frie  solution  of 

Ag  +  k^g  =  V  6p+div(u  h  6j-) 

Given  a  curve  r  and  a  function  o  defined  on  r,  Ot  Sp  is  the  distribution  defined  a* : 

V(p€^,  (a5r)=J^a<pd^, 

As  usuat  ^  » the  ^ce  of  all  complex-valued  functions  of  two  variables  having  derivatives  of  all  orders,  all  of  wh^ 

widi  cmnpact  siqjport  The  operator  div  must  be  understood  in  die  sense  of  distribution  theory. 
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where  k*  is  the  piecewlse-constant  function  almost  everywhere  defined  on  at : 

k^(M)  =  ki  siMcOi,  orklsiMeQ^  • 

As  well  known  in  distribution  theory,  functions  u  and  v  are  die  jumps  (on  F)  of  g  and  its  normal 
derivative  Dg.  We  have  therefore,  at  any  point : 

(u(P), v(P))  =  (g2(P) - g,(P),Dg2(P)- Dgi(P))  , 

die  subscripts  1  and  2  denoting  the  region  in  which  the  boundary  values  and  the  normal  derivatives  have  to 

be  evaluated.  In  other  terms,  if  we  introduce  the  pairs  ^  =  (-gi/-Dgi)  and  ^2  =  which  belong 

to  and  25  respectively,  we  can  write :  +  ^  . 

The  uniqueness  of  this  decomposition  can  be  established  using  a  reducio  ad  absurdum  method  of  reasoning.  U 
this  decomposition  were  not  unique,  it  would  be  possible  to  find  two  pairs  (say  Vj  and  ^2)  5uch  that 
0  =  +  V2  Vj  ^  one  of  these  pair  at  least  being  different  from  zera  In  this  case,  we  would  be  able 

to  build  a  function  ,  defined  in  0^,  haying  as  "  boundary  values  on  P  **  die  opposites  of  the  components 

of  the  pair  Vj  ,  satisfying  the  radiation  condition  and  the  Helmholtz  equation  Ag|  +kj  gi  =0  .  We  would 
be  also  able  to  build  a  function  g2  ,  defined  in  O  2#  having  as  "  boundary  values  on  P  **  the  components  of 

the  pair  V2  satisfying  Ag2  +  kf  g2  =  0  Then  the  function  g  defined  as : 

g(M)  =  gi(M)  si  M  €  Oj,  or  g2(M)  si  M  e  1^2 

would  be  in  the  sense  of  distributipn  a  nonvanishing  solution  of  tiie  equation  Ag+k^g=0,  where  k^  is 
again  the  piecewise-consfcant  function  defined  above ;  but  it  is  Iqiown  that  such  a  solution  cannot  exist 

Appendix  B  :  proof  of  dieorem  l. 

We  suppose  tiiat  function  Si,„  form  a  total  family  in  L^(yi).  Consideririg  functions  which 
satisfy  die  radiation  condition  and  are  solutions  of :  Ae|^„  +  k?  ,  we  first  establi^  that  thdr 

normal  derivatives  v„  on  P  form  a  total  family  in  L?{P) . 

Let  ae  L^(r)  be  a  function  such  that  for  any  v^^webave  {vn|a)j.==0.  As  is  well  known,  what  we  have  to 
show  is  that  necessarily  a  is  null  almost  everywhere  on  P.  Let  w  be  die  unique  and  almost  everywhere 
defined  function  satisfying  the  radiation  condition  and  sudi  that  :  Aw  +  kf  w  =  div(na5r)  . 

After  classical  manipulations,  we  get :  ei^n  Aw  -  w  Aei^„  -  div(n  a  5r)- w  ,  an  equation 

which  must  be  interpreted  in  the  sense  of  distributions.  Letting  each  member  operate  on  a  two  variables 
constant  function,^^  we  are  led  to:  0-^  a3n(ein)  df +  ^  df  . 

The  first  integral  which  is  nothing  other  tiian  (vn|a)j,  is  zero  (from  our  hypothesis)  and  consequently,  for 
any  n  :  ==  0  . 

This  means  that  w  (and  w  as  well)  is  null  {almost  everywhere)  on  yy,  since  the  functitms  form  a  total 
family  on  Yi  •  But  w  being  continuous  in  the  complementary  of  P,  we  conclude  ti^t  w  is  null  on  Yi .  Thus  w, 
which  vanishes  on  Yi  and  satisfies  the  Helmholtz  equation  Aw  +  kj  w  =  0  in  the  interior  of  Yi « vanishes^^ 
in  d\e  interior  of  Yi  and,  therefore,  in  CI2  (a  properfy  of  the  Helmholtz  equation).  Consequently  is 
zero  on  both  sides  of  y  since,  as  a  consequence  of  die  definition  of  w,  the  jump  on  P  of  d^w  is  zero.  Then,  we 
can  claim  diat  w,  which  satisfies  the  radiation  condition,  also  vanishes  in  fli  (uniqueness  for  d^  Neumann 

problem).  In  other  words,  w  is  the  null  function  and  consequently  div(n  a  8^)  is  the  null  distribution  which 
implies^^  that  a  - 0,  almost  everywhere  on  P  (Q.E.D.), 

Let  us  consider  now  the  mapping  which  to  any  function  ve  L^fP),  associate  the  pair  (ZiV,v).  This 
mapping  is  a  continuous  bijection  from  L^(r)  to  >1 ,  which  implies  that  the  pairs  whose  components 
are  Z 1  v„  and  v„ ,  form  a  totol  family  in  7}. 

Of  course,  similar  considerations  allow  us  to  show  diat  the  pair  <i2,n  form  a  total  fanrdly  in  25. 

This  is  possible  since  each  member  is  a  distribution  whose  support  belongs  to  Pu Yi  and  is  therefore  bounded 
except  if  kf  is  an  eigenvalue  of  the  Lapladen  with  a  Dirichlet  condition  on  Y|. 

See  Appendix  F  in  (3J 
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COUPLED  POWER  EQUATION  USE  FOR  ANALYSIS  OP  OPTICAL 
FIBERS  WITH  UNSTEADY  STATE  POWER  DISTRIBUTION 

Sergey  Petrov  and  Igor  SuKhoivanov 

The  Technical  University  of  Radio  Electronics 

14.  Lenin  av.  .  Kharkov,  310726.  The  Ukraine 

ABSTRACT 

The  autors  have  developed  the  methods  consisting  in  introduction 
the  Btatiatio  mode  cut-off  criterion,  extended  boundary  condition  in 
pover  diffusion  equation  solution  and  a  special  condition  for  solving 
the  diffusion  in  time-dependent  case.  The  developed  methods  have 
alloved  to  apply  the  coupled  power  equation  to  analysis  of  the 
irregular  optical  fibers  of  any  lenght  irrespeotive  of  the  mode  power 
distribution  nature. 

THEORY  ' 

At  present  optical  fibers  are  perspective  means  to  createthe 
most  qualitative  local  systems.  The  peculiarity  of  these  sys terns  fun¬ 
ctioning  is  their  characteristics  dependence  on  the  real  mode  distri¬ 
bution  in  the  optical  fiber  that  in  its  turnis  the  function  of  the 
many  characteristies  and  conditions. Real  value  of  different  parameters 
in  such  systems  may  differ  significantly  (sometimes  to  60  percent) 
from  the  individual  measuring  results.  To  analyse  the  multimode 
irregular  optical  fibers  we  used  the  coupled  power  equations: 

=  -  2jmPm  +  ?  hmk  —  !Pin)i  (1) 

dz  dz 

Where  Tm  is  the  delay  time  for  the  length Unit  for  the  m  --th 
The  boundary  conditions: 

F(m,z,t)j^  =  0  ,  and 

The  unsteady  state  power  distribution  is  also  determined  by  the 
cladding  modes  excited  by  the  source.  With  the  influence  of  irre¬ 
gularity  in  the  core  and  in  the  cover  and  also  on  border  between  them 
the  couple  arise.  This  couple  is  mutual  and  there's  the  reverse  energy 
flow.  That's  why  we  introduce  the  wide  boundary  condition, talcing  into 
account  the  guiding  qualifies  of  the  border  between  the  cover  and 
casing  [1] 

0  .  (3) 

where  Me  is  the  largest  mode  number  of  the  cladding  modes  . 
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'  The  general  solution  of  the  power  flow  equation  (2),  disoribing  • 
the  diffusion  of  the  power  distribution  along  the  optical  fiber,  is 
expressed  by  the  equation  solution  superposition  : 

F(z,x,t)=  I  ^  Wk  Uk(x)exp(-(27(x)+ri.k)z)Pl(x,t),  (4) 

To  analyse  the  unsteady  state  power  distribution  optical  fibers 
using  the  diffusing  equation  the  criterion,  described  in  [2]  is  txsed, 
this  criterion  allows  to  find  the  necessary  and  sufficient  number  Kmax 
determining  the  highest  summing  up  limit  in  the  equation  (4) 

(ri.k-ri.i  )z  <  10  db,  (5) 

The  expression  for  Wk,Uk(x),ri,k  is  presented  in  details  in  [53. 

The  full  power  on  the  output  of  the  optical  fiber  with  the  length 
of  consists  of  the  optical  power  that  propagation  in  the  core  and  in 
the  cover.  . 

To  analyse  the  dispersion  of  the  impuls  signal,  spreading  along 
the  multimode  optical  fiber  with  the  unsteady  state  power  dis¬ 
tribution  the  power  diffusion  equation  is  used.  Taking  into  acount  the 
function  Pi (x,t)  determining  the  character  of  the  power  diffusion 
in  time  [3]  ,  the  solution  of  the  equation  maiy  be  presented  as 

ax  Wk 

U  j^Uk(x)  exp(-(27(x)+ri.k)z  * 


F(zvx,t)=  4  i  I 
^  1^1 


(6) 

*  exp(  -  — — rr-= — —  )  , 

t'  l.k 

where  Tl.k  is  the  delay  of  the  k  -th  statistical  mode,  and  tl.k  is 
the  width  of  this  mode  impuls  response. 

The  delay  of  the  statistical  mode  and  the  width  may  be  presented 


as  [2]: 


tl.k  = 


tl.k  = 


1  2 
2  /  X  tl(x)  Uk(x)dr, 

0 

1  2 
Kmax  (q'<‘  X  T^{x)  Uk(x)  Ud(x)  dx  ) 

A  (  I  - - - — - - - 

k.  J>k  ri.d  -  Tl.k 


1/2 

Z  )  .  (8) 


•  RESUITS  AND  DISCUSSION 

Using  the  developed  me tnod  we  analysed  the  power  ?(x,z,t)  '  re¬ 
distribution  processes  when  the  optical  signal  with  the  initial  dis- 
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trlbution  F(x,o,t)  goes  along  the  1... 100  m  long  optical  fiber  and 
also  the  optical  end  geometric  paremeters  influence  on  the  power  re¬ 
distribution.  On  the  Figure  1  and  2  the  characteristics  of  the  mode 

power  distribution  lor  z=5  m  long  (Pig.  1)  and  z=50  m  long  (Pig.2) 

optical  fibers.  Two  regimes  may  be  realized  here:  1)  the  regime  of 
the  “weak  radiations"  of  the  cladding  modes,  when  as  a  result  of  a 
gradual  power  redistribution  between  the  guided  and  cladding  modes, 

part  ol  the  mode  power  presents  in  the  cover  and  takes  part  in  the 

optical  signal  transmition.  2)  the  regime  of  the  “strong  radiation"  of 
the  cladding  modes,  when  with  the  increase  of  the  optical  fiber  le¬ 
ngth,  the  power  dif funding  to  the  cover  doesn't  aooumulate  there  but 
radiate  to  the  casing. Prom  the  point  of  view  of  the  energy  characte¬ 
ristics  for  the  most  qualitative  local  communication  systems  the  first 
regime  is  expedient  the  "weak  radiation"  of  the  cladding  modes. 

On  the  Pigura  3  the  losses  dependence  on  the  length  of  the  opti¬ 
cal  fiber  when  it  is  excited  by  diferent  types  of  sources.  It's  nece¬ 
ssary  tomention  that  when  changing  the  value  of  o  and  E3  it's  pos¬ 
sible  to  change  the  conditions  of  the  cladding  modes  spreading,  with¬ 
out  influence  on  the  guided  modes. 

On  the  Figure  4  the  signal  dispersion  dependence  on  the  length  of 
the  optical  fiber  is  shown  when  the  optical  fiber  is  excited  by  the 
laser  diode.  Positive  results  may  be  obtained  with  values  ae  =  0.2  ... 
0.5  m”  %  with  casing  thickness  c  a  500  mkm,  elasticity  module  of  the 
cover  material  not  more  than  1  GPa  or  independing  on  the  values  E2 , 
E3  , under  condition  p  >  1  . 

in  conclusion  we'd  like  to  imderline  again  that  the  spreading 
conditions  of  signals  in  the  optical  fibers  with  the  unsteadystate 
power  distribution  have  some  pioularities  connected  with  the  signifi¬ 
cant  role  of  the  cladding  modes  and  their  influence  on  the  effsots  of 
interraode  interaction  and  as  a  result  on  the  quality  of  the  transmit ed 
Signal.  That's  why  such  optical  fibers  cannot  be  simply  considered 
as  short  optical  fibers  but  must  be  separated  into  a  special  class. 
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ABSTRACT 

The  report  suirimarlzes  the  theoretical  and  experimental  results 
achieved  in  the  active  decametrlc  remote  sensing  of  soil  mois¬ 
ture,  subsoil  water  levels  and  mineralization  oi  freshwater  re¬ 
servoirs.  As  shown,  the  decauietrlc  wave  range  allows  direct  esti¬ 
mations  of  dielectric  constant  and  moisture  of  soli  In  the  near- 
surface  layer  of  thlctaiess  about  im.  A  correlation  Is  found  bet¬ 
ween  subsoil  water  levels  (up  to  depth  about  10  m)  and  the  ampll- 
,.tude  fluctuations  of  the  reflected  radiation.  A  high  sensitivity 
of  the  mean  amplitude  of  the  reflected  radiation  to  the  level  of 
mineralization  of  freshwater  reservoirs  Is  proved. 

Keywords:  decametrlc  radar,  soli  moisture,  water  mineralization, 
subsoil  water  levels 

1 .INTRODUCTION 

Recent  years  a  number  of  works  were  devoted  to  remote  determi¬ 
nation  of  soil  moisture  content  with  use  of  the  microwave  range 
/1-4/.  A  series  of  experiments  were  carried  out  also  in  the  meter 
range  /5/.As  a  result,  different  factors  are  found  to  effect  on 
the  accuracy  of  measurements,  such  as  shielding  of  soils  by  vege¬ 
tation,  roughnesses  of  the  surface.  The  Influence  of  a  soli  type 
on  the  dielectric  permittivity  dependence  on  moisture  *(W))  and 
the  depth  of  the  sensed  layer  were  estimated  /4/.  It  was  shown 
that  the  layer  thickness  I  in  which  one  can  successfully  estimate 
the  moisture  content  using  microwave  measurements  was  -5  cm  /4/. 
However,  many  agricultural  applications  usually  need  the  soil  mo¬ 
isture  known  In  an  upper  sofi  layer  of  about  1  m  thickness.  Such 
problem  can  be  solved  by  using  lower  frequencies  Including  deca- 
metric  range  76/ .  A  large  penetration  depth  (-lO  m)  and  strong 
dependence  of  complex  dielectric  constant  on  conductivity  are 
those  advantages  which  make  this  range  unique  for  subsoil  re¬ 
mote  sensing  and  for  water  mineralization  measurements  77/ . 

2. EXPERIMENTS  AND  CONCLUSIONS 

A  series  of  emerlments  were  carried  out  In  1987-1993  to 
clarify  the  possibilities  of  using  the  decametrlc  band  for 
monitoring  soil  moisture,  freshwater  reservoir  mineralization  and 
SWL.  Radar  measurements  were  carried  out  on  the  board  of  ■  AN-2 
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plane  from  the  heights  of  300-1000  m  at  the  flight  speed  of 
180-190  ton/h.  The  cai'rler  frequencies  of  the  transmitter*  was  30 
and  15  Mz,  the  length  of  the  emitted  pulse  was  1  ps,  and  the 
frequency  of  repetition  was  1  kHz.  There  was  also  a  possibility 
to  s?/eep  the  frequency  from  30  to  42  lIHz.  The  quarter  wave 
Ylbrator  was  used  as  a  radiator.  The  Influence  of  side 
reflections  was  remoYed  by  using  the  peak  detector  aiid  strobing 
of  the  receiver.  The  spatial  resolution  Is  estimated  as  first 
Presnei  zone  size.  The  average  amplitude  of  10  pulses  a(t)  was 
written  to  the  computer  memory  every  10ms. 

The  instrument  was  calibrated  by  measuring  a*  on  a  quiet  water 
surface  for  which  reflection  coefficient  R'  was  considered  known. 
The  reflection  coefficient  from  the  Earth  surface  (for  a  constant 
flight  height  )  was  calculated  with  the  equation  R=R' •  a/a* .  The 
mean  a(t)  amplitude  <a>  was  also  used  (averaging  time  was  from  Is 
to  10s).  Assuming  Ini£<<Re^:  we  estimated  the  soli  dielectric  cons¬ 
tant  With  the  Presnei  equation. 

The  correlation  between  and  soil  moisture  W  (by  weight)  In 

five  upper  layers  (0-20cra,  20-40cm,  40-60cm,  60-80cm,  80-1 00cm) 
was  studied.  About  thirty  experiments  were  carried  out  (  length 
of  each  route  about  10kra)  on  the  territories  of  Rostov  and  Dnep¬ 
ropetrovsk  Regions.  The  main  result  Is  that  at  30Mz  mailmum  cor- 
'reiatlon  Is  observed  between  and  soil  moisture  in  two  upper 

layers  0-20cra  and  20-40cm  .  At  15!((Hz  the  best  correlation  takes 
place  in  the  layers  20-40  and  40-60cm.  The  result  agrees  with 
foraula  for  depth  of  sensing  d  /6/: 

d'X/(16|^{*''^).  (1) 

-  -1“ 

Here  «  =  d  J'r(x)dz,  ^ix)  Is  the  distribution  of  the  dielectric 

r\ 

W 

cons lant .Corresponding  correlation  coefficients  p  both  range  from 
0.7  to  0.9.  Minimum  correlation  was  obtained  between  and  W  In 

.  layer  80-1 00cm  (p'0.6).  The  dependence  of  regression  coefficients 
on  soli  type  was  also  observed*.  The  results  of  one  of  the  experi¬ 
ments  are  shown  in  Pig.  1. 

In  1989-1991  the  research  program  was  performed  of  airborne 
measuring  of  reflection  coefficients  from  freshwater  reservoirs 
at  the  freauency  of  SOIfflz.  The  studied  objects  were:  1.  Tsym- 
iyansk  reservoir  (  mineralization  S  =  O.S-O.Sg/te  ),  2.  Vesely 
reservoir  (S  =  1-3g/kg),  3.  Proletarsk  reservoir  (S  =  3-10g/kg  ), 
4.  Kanych  -  Gudilo  Lake  (S  =  10-30g/kg),  5.  Taganrog  Gulf  (S-TO  - 
20  g/i^).  The  considerable  sensitivity  was  lound  of  the  radar 
signal  to  the  mineralization  changes  with  the  best  sensitivity 
fits  into  0.5-  5g/kg  mineralization  range.  The  data  of  one  of 
the  route  (  Manych  -  Gudilo  Lake  -  Prole ta'rsk  -  Vesely  )  are  pre¬ 
sented  in  Fig. 2.  The  correlation  coefficients  between  average  ra¬ 
dar  signal  <a>  and  water  mineralization  S  usually  rang;:  from  0.7 
to  0.8.  The  mean  radar  contrast  between  Tsymlyansk  reservoir  and 
Vesely,  Proletarsk  and  Manych  -  Gudilo  ones  equals  to  0.35dB, 
1.05dB  and  l  .55dB  correspondingly. 

The  considerable  part  of  the  decametrlc  radar  research  program 
was  directed  to  Investl^tlons  of  fluctuations  of  the  signals  re¬ 
flected  by  the  Earth  surface.  At  first,  a  lot  of  experiments  was 
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Flg.l  .The  results  or  soli  mo¬ 
isture  measurements,  Rostov 
Region,  Octovher,  1989. 


Pig. 3. The  results  or  SWL 
measurements,  Dnepropet- 
rovsk  Region,  July, 1988. 


carried  out  to  study  the  possibility  of  underground  sounding  with 
use  the  scattered  power  /6/.  The  correlation  V7as  studied  between 
the  fluctuation  coefficient  K  (see  Plg.3  )  and  SWL.  The  correla¬ 
tion  coefficients  between  K  and  SWL  are  found  to  be  In  0.6  -  0.7 
range.  The  good  correlation  (P'O-T)  Is  also  observed  between  SWL 
and  the  values  estimated  from  K  oscillations  when  sweeping  the 
carrier  frequency.  The  regression  coefficient  shows  the  strong 
dependence  on  a  soli  type.  At  second,  such  an  Important  property 
of  the  fluctuation  spectrum  P(P)  Is  found:  It  has  rather  a  po¬ 
wer-law  dependence  on  the  fluctuation  frequency  F:  P(F)'-P  («' 
1.5-  2.5)  /8/(  l.e. about  80%  of  spectra  with  only  20%  being  Gau¬ 
ssian  ).  P  is  defined  by  the  Inhomogenelty  scale  1  and  the  air¬ 
craft  speed  V  as:  F^l/v. 

The  program  also  started  with  the  freshwater  reservoir  and  sea 
gravity  wave  spectrum  Investigation.  Some  experiments  have  been 
carried  out  accordingly  to  the  program.  Preliminary  results  are 
that  In  the  freshwater  reservoirs  the  spectra  usually  showed 
the  series  of  lines  with  the  width  aF/p-  0.02-0.07  /8/.  Sea  wave 
snectra  usually  showed  more  wide  ,  lines  and  group  of  lines.  The 
example  of  the  spectrum  of  weak  sea  gravity  waves  Is  shown  In 
Plg.4.  The  two  spectra  Illustrate-  the  spatial  development  of 
waves.  The  spectrum  In  fig. 4a  obtained  3km  north  of  the  south  co¬ 
ast  of  the  (iulf  (  Port  Caton  )  shows  only  two  lines  at  6.5  and 
8.5  Hs.  The  spectrum  In  fig. 4b  obtained  10km  north  of  Port  Caton 
shows  the  growth  of  new  area  of  waves  having  another  wavelength 
Kcorresponcong  to  3. 9Hz  fluctuation  frequency  ). 
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ABSTRACT 

When  considering  Incidence  of  a  plane  wave  arbitrarily  pola¬ 
rized  on  a  two-layer  medium  with  roii^  surfaces,  the  average  and 
scattered  field  Is  studied  with  use  of  the  perturbation  theory  by 
small  rou^xsss.  The  Important  fact  revealed  Is  that  the  account 
of  the  second  -  order  terms  by  roughnesses  In  the  boundary  condi¬ 
tions  Is  essential  for  correct  obtaining  the  average  field  In  the 
lower  half-space  (  medltun  ),  with  they  being  not  needed  for  defi¬ 
ning  its  value  In  the  upper  half-space  (from  which  the  wave  comes 
) .  The  second  momentum  of  the  scattered  Held  is  also  presented 
for  the  orthogonal  polarization.  It  Is  shown  also  that  such  an 
effect  as  fading  of  scattering  appears  when  correlation  between 
roughnesses  of  upper  and  lower  boundaries  occurs. 

Keywords:  scattering  of  radio  waves  by  rou^  surfaces,  second 
order  perturbation  theory,  layered  medium. 


Scattering  of  electromagnetic  waves  (SEW)  by  statistically 
TOV01  boundaries  in  a  layered  medium  was  studied  In  a  number  of 
works.  (  see  /I -5/  ).  The  problem  was  solved  by  the  method  of 
equivalent  boundary  conditions  In  /I ,2/,  In  the  frameworks  of  the 
first  approzlmatlon  of  the  perturbation  theory  In  /3/  and  by  the 
Klrchhoii  method  in  /4,5/.  In  the  present  work  SEW .by  a  two-layer 
medium  with  rough  boundaries  Is  considered  using  the  perturbation 
approach  to  the  second-order  accuracy. 

Consider  In  the  lower  half-space  a  medium  divided  in  average 
by  plane  boundaries  onto  such  two  layers:  an  upper  one  (second 
medium)  of  H  thickness  with  dielectric  costant  e  and  lower  half- 
infinite  one  (third  medium)  with  e.  The  dielectric  constant  of 
the  upper  half-^ace  (first  medium)  Is  equal  to  1 .  The  Indices  a 
and  b  denote  values  related  to  upper  and  lower  boundaries,  res¬ 
pectively.  A  monochromatic  plane  electromagnetic  wave  with  wave 
vector  k  Is  Incident  from  the  upper  half-space  on  the  medium.  In 
particular.  In  the  case  of  an  incident  horizontal  polarization, 
the  perturbation  theory  gives  for  the  tangent  Fourier  component 
of  tne  perturbation  of  the  mean  electric  field  In  the  lower 
(third)  medium  (  the  boundary  roughnesses  are  considered  noncor- 
related  )  the  following  eipresslon: 
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(lc*/2)- [({e).aJ+{E}^aJ)  -  Ce>^C1+ 

xcos^ip  +Z,(5,)(1+V^(^j))'sln*(P  1)  -  Ce}b-((1-Vb(4o)K  + 
■K{e}/2)Z3(4o)(1+yb(4o)Mi®b(4o-fli 

xcos^cp +Z3(4j  )(1+Vj,(4i  ))sln^(p  ])J .  (1) 


Sere  and  after: 

Is  the  Incident  wave  amplitude  (  with  first,  second  and 
third  indices  denoting  a  number  of  medium,  an  approximation  order 
and  a  kind  of  polarization  ,  respectively), 

and  4  are  the  transverse  components  of  the  wave  vector  of  the 
incident  and  scat- red  waves,  respectively, 

D  Is  the  transmission  coefficient  of  the  layer  for  waves  of 
horizontal  polarization, 

ie}^ss-l,  ££}jj=i-E  are  the  Jumps  of  the  dielectric  constants, 

^  and  ®  are  the  dispersions  and  spectra  of  boundary  rough- 
nesses, 

ip  is  the  angle  between  4o  » 

V  w.  V  .  H  z,  Z,  ,  are  the  reflection  coefficients  from  bo- 
undaries  and  Impedances  of  the  media  1  and  3  for  waves  of  hori¬ 
zontal  {  with  -)  and  vertical  polarization  (  see  e.q.  /6/  ). 

The  following  case  should  be  pointed  out  specially.  In  the  se¬ 
cond  order  of  tne  perturbation  theory  the  expressions  for  the  me¬ 
an  fields  of  main  polarization  In  the  upper  half-space  prove  to 
coincide  with  those,  for  example,  obtained  in  /2/  with  use  of  the 
equivalent  boundaiy  condition  technique  /1/.  However,  In  the  low¬ 
er  half-space  and  In  the  layer  the  mean  fields  of  main  polariza¬ 
tion  (  Including  the  expression  (1),  In  particular  )  resulted 
from  the  perturbation  theory  differ  from  expressions  obtained  In 
/2/.  This  Is  due  to  neglecting  in  /1/  the  second-order  terms  by 
boundary  roughnesses.  Tor  example,  the  additional  terms  <Ae>, 
<£h>  obtalnea  for  the  electric  and  magnetic  fields  In  the  lower 
medium’  from  the  perturbation  theory  as  compared  to  those  from 
/2/.  When  rou^messes  of  lower  boundary  are  absent  we  obtain: 

<Ai1>=  afk^Csl^Agg/a,  <Ag>  =  afk^{E)^^3Q/2.  (2) 

where  ftgo,  figg  are  the  fields  of  zero  approximation.  For  the 

many-layered  medium  the  corresponding  corrections  to  the  mean 
field  have  the  same  structure,  l.e.  the  aniplltudes  of  the 
reflected  fields  In  the  upper  half-space  are  not  changed,  but  In 
the  lower  half -space  and  iJi  the  layer  they  have  additional  terms 
equal  to  the  zero-order  fields  with  the  factor: 
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(3) 


a^k^{£}^/2. 

At  last,  similar  corrections  due  to  roughnesses  of  an  Inner  boun¬ 
dary  c,  also  tum  to  zero  In  the  upper  region  (  above  this  boun¬ 
dary  ),  an.d  In  the  lov^er  region  are  equal  to  zero-order  Held 
with  the  coefficient: 

(4) 

In  particular,  these  corrections  correspond  to  the  first  term  In 
rectangular  brackets  In  (1). 

The  expressions  for  the  second  momenta  of  the  scattered  In  the 
Incidence  plane  fields  of  main  and  orthogonal  polarizations  are 
given  below.  For  example.  In  the  first  oruer  the  second  momentum 
of  the  back  scattered  field  of  horizontal  polarization  with  Inner 
boundary  rouglmesses  being  absent  takes  the  following  form  (  In 
agreement  with /3/  ):  ^  ,, 

>=ExoT-^ior-l(^2)z(^o)fe}^(1+v(4o))2|2x 


1  Ot  I  Ot 


X8  (5+^0  ).®J -2^0 ).  (5) 

For  the  field  of  orthogonal  polarization  under  the  same  conditi¬ 
ons  we  have  (  0^  is  not  zero  only  beginning  from  the  second  order 
approximation): 


(K/2)Z(?.)<e}  (H7(?.))(1+V(§„)) 


*8(Mo)-I(-2?<,)-  (6) 

Here  the  value  I  Imnlles  an  effective  spectrum  of  roughnesses  and 
can  be  described  by  the  expression: 

I=(Ce}^k/4) )  (1  -cos4(p)  I Z (5, )  (1 +V ) )- 

-z(4i)(1+v(5j))l^.  (7) 

^  As  follows  from  the  properties  of  the  reflection. coefficients 
V  V,  the  second  momenta  of  the  scattered  fields  (5)  and  (6)  are 
the  oscillating  functions  pf  the  layer  thickness  B  and  waye  num¬ 
ber  due  to  the  factors  |1+vi  and  |1+Vi  with  the  period  of  v  and  V 
oscillations  by  the  parameter  S=2kg  being  defined  by  the  inci¬ 
dence  angle: 

T=2n(e-qo/k^)"*''^. 

The  expression  (6)  differs  from  (5)  essentially  by  the  dependence 
of  I  on  the  parameter  S,  In  a  number  of  cases  this  dependence  Is 
also  oscillating  with  the  period  defined  not  only  by  the  Inci¬ 
dence  angle  but  the  roughness  spectra  as  well.  For  the  Gaussian 
spectrum: 

)=o^exp{-q  Vp^ }/ (icp^ ) 
the  dependence  I(S)  takes  the  form: 

1=  ( {s }  j^kn^ )  ^/ (8xp^ )  •  expC-2qo/p^ }  Jdq  j  Qj  exp{-2qj /p^  }x 
x|Z(5j)(1+Y(4j))-z(^j)(1+v(4^))l^  (8) 

The  value  (8)  has  been  calculated  for  2^  <e  p  $4k.  In  all 
the  cases  studied  numerically  quasi  periodic  oscillations  of  I(S) 
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are  oDtalned.  At  p  >k  the  period  Is  ^almost  Independent  ol  p.  For 
example,  at  p=2k  and  p=4k  for  e=4,  £=9  the  period  I(S)  Is  equal 

to:  -i/t 

T,«<3.6^2x(£-1) 

at  the  same  values  p,  out  lor  £=2,  £=§  It  Is: 

When  tKk  the  period  of  I(S)  oscillations  Is  determined  by  the 
boundary  of  a  , roughness  spectrum  and  at  p«k  reduces  to  the  value; 

In  the  cases  above  the  relative  amplitudes  of  I(S)  oscillations 
vary  frem  tens  of  percents  at  S  of  the  order  of  unity  to  few 
percents  at  S  of  the  order  of  tens.  They  tend  to  decrease  with 

p* 

in  the  case  of  full  correlation  between  upper  and  lower  boun¬ 
dary  roughnesses  similar  to  the  case  of  large  scale  roughnesses 
(see  /5/)  fading  effect  for  scattering  occurs.  For  example,  to 
the  first  order  accuracy  its  condition  for  horizontally  polarized 
wave  reduces  to  the  following: 

This  requirement  and  the  same  conditions  for  other  processes  cor¬ 
respond  to  infinitely  narrow  directivity  patterns  of  source  and 
receiver  antennae.  Allowance  for  a  finite  pattern  width  leads  to 
another  expressions.  Particularly,  for  wine  patterns  at  normal 
Incidence  the  following  condition' takes  place: 

(0);ci+Yj  (0);/({E)^D(0)D(0)),  dO) 

Here  5  six+jy.  x,  y  are  horizontal  coordinates.  Note  tliat  the 
condition  (10)  coincides  with  the  corresponding  one  in  /5/  ob- 
xained  earlier  by  Elrchhoff  method. 
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ABSTRACT 

Theoretical  consideration  ol  wave  scattering  hy  rougii  surlaces 
within  the  Irameworks  or  the  perturbation  theory  Is  usually  based 
on  expanding  the  boundary  conditions  by  powers  or  the  surface 
roughness  height  g.  y/hen  using  such  an  approach.  It  would  not  be 
managed  to  account  for  effects  of  strong  scattering  described  by 
high  order  terms  of  the  expansion.  In  the  method  developed  here 
■  the  boundary  jump  (s)  of  the  dielectric  constant  Is  used  as  a 
small  parameter  for  obtaining  the  perturbation  series.  This  al¬ 
lows  to  consider  the  effects  appearing  at  roughness  height  large 
■compared  to  the  wavelength 

Keywords:  strong  scattering  theory  by  rough  surfaces,  layered 
media. 

Consider  scattering  of  a  plane  lODnochromatlc  wave  by  a  two- 
layer  medium  with  an  upper  rough  boundary.  Let  the  dielectric 
constants  be  eaual  to  s  and  1  in  the  layer  and  upper  half-space, 
respectively,  start  with  the  electric  field  strength  taken  In  the 
Integral  form  /I/: 

^(?,t)=2Q(f,t)-  (4i/c)Jd?'dt'G  (f.t.f*  ,r  )j  (^  ,r ).  (D 

Here  G  and  3  are  the  tensor  electrical  Green  function  and  density 
of  current,  respectively.  £  Is  the  electric  field  In  unperturbed 
mediae  Por  the  problem  of  interest  the  current  density  3  is  con¬ 
sidered  as  Induced  by  the  field  In  perturbations  6£  of  the  di¬ 
electric  constant  : 


,t'  )=(C/4x)0Ed/8tS(?*  ,t'  ). 
The  66  value  can  be  written  as: 
f  f6}slgn§  ,  for  ziz-i)<0, 

0,  In  another  case. 


Ce= 


(2) 

(3) 


Here,  •Ce}=e-1  is  the  dielectric  constant  Jump  at  the  upper  boun¬ 
dary,  the  axis  z  Is  the  normal  to  the  layer  plane.  The*  solution 
of  the  system  of  equations  (1  )-(3)  can  be  emressed  as  the  Neu¬ 
mann  series.  Particularly,  to  the  first-order  by  Cel  accuracy 
with  an  incident  wave  of  horizontal  polarization  taken  in  the 
form: 

S  s  -Ep-expCK^Q^-Wotl,  . 

0 
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we  Obtain  the  rollowlng  expression  where  Fourier  t^sformatlon 
by  horizontal  coordinates  p  and  time  t  was  perlormed: 


(4) 


+  2iclWoC6)  Xd?*expCl((4o-5)?')>Xdz'5(u4,z.z'  )eo(u.^*z' )] 
Here  the  Integral  over  taken 


the  transverse  components  of  the  Incident  and 


with  4 


scattered  wave  vectors.  Such  values  In  (4)  as  the  Fourier  compo¬ 
nent  of  the  unperturbed  field: 

ep((ii,ci,z)6(uMi)o)5(^-4o)  ^ 

and  the  tensor  electric  Green's  function  G({i),4»ZiZ' )  can  be  found 
with  use  of  the  relations  given  In  /2,3/.  When  the  inequality: 

1  «  €koe«  8/{£), 

is  valid,  the  expressions  mentioned  take  the  most  slmple^form.  In 
this  case,  for  example,  the  tangent  component  of  the, perturbation 
of  the  mean  electric  field  strength  <iE^>  has  the  following  form: 

<Ae^(4)>=  ^o^KK 

''^(1-Vb(qo))e2p{41k2j(qo)^>. 

Here, 

B  is  the  layer  thickness, 

Is  the  dispersion  of  the  upper  boundary  roughness, 
kg^Cqo)  Is  the  longitudinal  component  of  the  wave  vector  In. the 
layers 

V,  Vjj  are  the  reflection  coefficients  for  waves  of  horizontal  po¬ 
larization  from  the  upper  and  lower  boundaries  of  the  l^er,  res- 

iote^that*  the  value  <Ae^>  at  large  proves  to  be  e^onentlally 
small  due  to  the  term  expC-Za^kl^}. 

On  calculating  the  second  momentum  of  the  electric  field 
perturbation  Ae.^2^  obtain  the  following  sum: 


Here,. 


CT) 
(8) 

(9) 

3  v=!tl  ,  n=l,2,  the  values  J  correspond  to  various  combina¬ 

tions’ of  v- and  signs  ±,  r(A?)  Is  the  correlation  radius  of  the 


Ij= (2x)  ■'*Xd?;  d^gexpc-l  ( -^1  )Pi + (4o2-4^^ 

Pj(4j,i5^)=  <exp  t-ic^^ 

=  expf-c^Cpf  +  pI  + 
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upper  1)01111(1817  roughnesses.  . 

In  the  case  or  isotropic  roughnesses  at 
asymptotic  (a-»«)  expression  can  be  round: 


p,  P2<0  the  rollowlng 


I j=5  (4oi  -^1  )expC-o’'  (Pf +pf  )/2  )  (2t )  **X«3A?eip{-<j*Pj Pjr (A?)- 


-lA^(4oi“^i  )>=« (^01-^1 +^02-^2 >e3q)C-(^pi-^i  )V(2a^PiP2r'(0).)  )  x 


X  expC-d^(Pi+P2)V2>/(2iK7^PiP2r'(0)).  (11) 

Generally,  the  yalues  (11)  and,  at  the  same  time,  the  value  (7) 
are  exponentially  small  by  the  parameter  s.  However,  In  the  case: 

Pj+P2=0  (12) 

the  exponential  decreasing  or  the  value  (7)  Is  replaced  by  the 
power  law  one.  It  reveals  some  resonant  rrequencles  and 
directions  or  Incidence  md  scattering  which  prove  to  be  most 
sensitive  to  existence  of  a  layer.  When  defining  a  layer 
thickness  Irom  the  scattered  field  the  most  reasonable  approach 
Is  to  use  these  rrequencles  and  directions  as  most  Inlormatlve. 
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SIMUUITIOK  or  PARTICULAR  PHENOMENA  IN  WAVEGUIDE  OPEN  CAVCTIES 


IJB«.  Pochanina,  Yu.  Ki  Sirenko,  N.P.  Yashina 


Instilute  of  Kadiopbysici  and  Electronics  Ukrainian  Academy  of 
Sdences/ 12,  acJProskura  St., Kharkov,310085»  Ukraine 
flfeL(7-0572^ 

The  heart  cd*  iaterest  in  dilFereni  microwave  deviGes  designing  is  investigation  of  resonant  phenomena  in 
their  variotts  displaying.  Understanding  the  nature  of  these  processes  may  provide  designer  with  possibilities 
to  tttiliae  and  explore  their  advantages  and  avoid  their  drawbacks. 

The  reliable  and  trustworthy  description  of  electromagnetic  processes  in  resonant  parameter  region 
cam  he  obtained  only  by  means  of  correct  mathematical  models  and  their  correct  computer  realization. 
piiTefent  numerical  approaches,  based  on  such  direct  ones  as  moment  method,  finite  element  method  fail 
in  investigation  of  fast  oscillating  scattering  characteristics  near  resonant  frequencies.  All  these  make  clear 
the  advantages  of  correct  mathemattcal  approaches  for  investigating  of  resonant  phenomena.  Moreover, 
only  this  kind  of  approadics  and  developed  on  it’s  base  spectral  theory  with  utilizing  of  cata.strophe  theory, 
provide  trustworthy  description  and  explanation  of  several  complicated  phenomena,  arising  in  resonant 
region.  Spectral  theory  of  open  waveguide  resonators  deals  with  eigen  modes  of  structures  (possible  natural 
modes  of  electromagnetic  Iteld),  their  "  coupling^  and  role  in  forming  of  resonant  respond  of  cavity  to  any 
of  (stationary  and  nans tationary)  excitation.  Canonic  problems  of  the  theory  consist  in  determination  of 
nontrivial  time  harmonic  solutions  of  homogeneous  Maxwell  equations.  This  solutions  have  to  satisfy  usual  in 
electromagnetics  boundary  conditions  and  Reichardt  radiation  conditions  in  regular  semiinfinite  waveguides 
that  are  connected  (via  junction  windows)  with  bounded  resonant  volume.  The  number  and  conhguration  of 
cve^  of  this  (ma^'be  of  different  type)  radiating  channels  define  the  spectral  parameter  variation  region,  i.e. 
the  region  where  eigen  frequencies  are  searching  for.  The  complete  set  of  eigen  frequencies  and  relevant  eigen 
modes  is  the  minimal  basis,  that  dehnes  all  electromagnetic  properties  of  subject.  Analytical  description  of 
correspondent  connections  is  given  by  various  (loGal  and  global)  expansion  theorems  and  act  as  the  base  oh 
which  the  modern  physics  of  resonant  wave  scattering  is  created.  The  physics  that  not  only  certify  anomalous 
effects  and  phenomena,  but  uniquely  determines  their  nature  and  regularities  in  realizations,  provides  the 
reliable  qualitative  predictions. 

Tins  report  is  devoted  to  the  discussion  of  physical  results,  obtained  in  the  frames  of  the  approach 
described  above,  based  on  one  of  semiinverrion  method  [1].  The  key  point  of  app roach  is  the  construction 
of  correct  solution  of  initial  boundary  value  problem.  In  the  case  when  resonant  phenomena  and  their 
particularities  are  of  special  interest,  it  is  necessary  to  solve  the  spectra]  problem  and  receive  boundary  value 
problem  function  that  adequately  describe  the  physical  problem. 

The  resonators,  considered  herein,  are  constructed  by  coaxial  junctions  of  cylindric  and  coaxial  waveg¬ 
uides  (see  Fig.1,2).  The  initial  boundary  value  spectral  problem  for  them  may  be  reduced  to 

=  reQ,  xeK  (1) 

U{r,K)^~Uir.K)j  =  0,  r^S  (2) 

■  m> 

V(r,Ky=^a„jUmiip)aip{iu„jZj],  r  €  Q,  j  =  l,2,...M,  (3) 

■»=.l 

where:  Af-  the  number  of  regular  waveguide  regions, /f  ^  infinitely  foliated  Riemann  surface  with  second  order 
branching  points  Knj  :unj  -  iJk^  -  {yn/B{P  =  0,x  =  k  +  -  roots  of  Jq(/c)  =  0  ,n  =  1, 2, . . . = 

1,  2, .  .  .  A/, ^/  relative  radii  of  waveguids.  The  configuration  of  cuts  is  arbitrary  (the  possible  nonuniquiness 
of  solution  may  be  eliminated  by  complete  posing  of  the  problem  in  Riemann  surface),  but  quarters  of 
their  disposition  in  plane  k  are  strictly  determined  by  the  necessity  of  being  valid  at  axis  in  the  first 

foliate  physically  proved  condition  that  all  waveguide  modes  in  (3)  may  be  not  arriving  from  the  infinity 
ImyRcuXnj  >  0,  n  =  l,2,.  ..,j  ~  l,2,...  Af.  In  the  Diriehlet  problem  case  spectrum  pointsic  and  relevant 
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nontrivial  solutions  U{r^  «:),/c  6  fl,  describe  Hon  eigen  modes,  and  in  the  case  of  Nci maun  boundary  problem 
•  E^n  eigen  modes. 

It  is  necessary  to  point  out  that  in  difference  from  classic  (sclfadjoint  or  Z^(Q}  )  theory  of  open  res¬ 
onators,  theory,  based  on  the  solution  of  nonselfadjoint  problem  enables  us  to  analyze  eigen  modes 

of  any  type  (including  leaky  modes  i.e,  the  kind  of  modes  with  exponentially  increasing  amplitudes  when 
\zj\  ^  oo  ).  This  theory  does  not  operate  with  such  notions  as  "continuous*  spectrum,  not  filled  by  dear 
physical  contents  and  eliminate  subjective  clcmenls,  that  appear  inevitably  in  attempU  to  consider  the 
spectral  problem  in  simple  ** physical"  spectral  parameter  region  of  variation. 

It  is  proved,  [IJ  that  spectrum  Q  (the  set  of  points  ic  e  KV  where  the  problem  (l)-(3)  has  nontrivial 
solution)  is  of  finite  multiplicity  and  discrete  and  is  not  empty  in  any  finite  region  from  ilT  ,  and  fundamental 
solution  of  (l)-(3)  (Green  function  G(r,  ro,/c)  )  is  mcromorphic  (in  respect  to  local  on  A*  variables)  function 
with  poles  of  finite  order  in  points  ic  €  H  .  The  rough  localization  of  spectrum  Q  on  K  is  carried  out  (the 
regions  of  surface  free  of  spectrum  point  Q  arc  determined).  The  representation  of  open  waveguide  cavities 
electromagnetic  characteristics  via  their  spectral  characteristics  are  proceeded:  local  ones  (in  frequency 
domain)  and  global  ones  (in  time  domain  when  t  oo  ). 

In  the  way  [1]  the  spectral  problems  is  reduced  to  the  problem  of  finding  out  the  cKaracteristical  numbers 
of  analitical  operator-function, /  ~>l(/c)  in  A  where y4(/c).  is  compact  and  even  kernel  operator  for  any  complex 
K  6  A'.  That  is  why  the  function 

F(K,L)  =  del{I-A{K,L)]  (4) 

exists  and  spectral  problem  is  reduced  to  the  solving  of  the  equation 

i^(#c.X)  =  0  (5) 

giving  us  the  spectrum  of  r^onant  cavity  and  eigen  functions  i.e.  natural  modes  of  resonant  cavity 

Using  this  results  as  a  background  and  utilizing  results  of  parallel  numerical  examples  of  the  solution  of 

diffraction  and  spectral  problems  the  following  problems  are  investigated: 

-  anomalous  phenomena  connected  with  changing  of  numbers  of  open  radiation  chaulidis  (the  number 
of  waves  in  fields  (3)); 

-  the  complete  energy  reflection  and  transmission  via  open  waveguide  resonator,  and  their  connection 

with  excitation  in  resonator volume  oscillatiGhs  close  to  natural  ones; 

-  phenomenon,  coursed  by  "interaction"  of  possible  natural  oscillations  when  their  own  frequencies  are 
approaching  in  complex  space  metric,  including  effect  of  existence  of  super  high  Q  oscillation  (k  €  R})  in 

open  resonators  (there  exist  n  and  y  such,  that  when  X  6  e  >  0, ==  0); 

-  trap  effect  and  effect  of  energy  accumulation:  nonstationary  wave  scatters  .  In  this  case  the  energy 
secondary  near  field  of  resonant  cavity  after  source  instantly  have  been  operated  do  not  decrease  or  when 

source  operates  constantly  is  accumulated; 

-  effects  of  complete  transformation  of  propagating  packet  of  waveguide  modes,  and  many  other  resonant 
effects  and  phenomena,  defining  interesting,  from  point  of  view  of  applications,  properties  of  open  waveguide 
cavities,  as  device,^  enabling  to  realize  required  frequency,  space  and  type  selection  of  signals. 

The  regularities  of  th^  effects  duplaying  and  conditions,  necessary  for  their  realizations  are  to  be 
discussed  in  the  report. 

Herein  we  shall  dwell  only  on  one  example,  illustrating  the  connection  between  the  effects  of  complete 
wave  packet  transformation  and  eigen  regimes  of  open  waveguide  resonators  existing  on  real  eigen  frequencies 
{Jmk  =  0  )  on  "nonphysical”  (higher)  sheets  ofsurface  K  .  So  as  these  sheets  are  defined  completely  by 
values  of  couples  {  k;  Wny(/c),  n  =  1,2,.,.  J  =  1,  2,'. . .  M  },  they  differ  from  each  other  only  by  the  fact  that 
signs  of  finite  number  of  valu^  are  changed  to  opposite,  then  radiating  field  of  real  frequency  x  in 

higher  sheets  A  (see  (3))  contains  finite  number  of  "arriving"  waveguide  modes.  Hence  the  total  identifi cation 
of  the  eigen  rnode  field  on  real  eigen  frequency  x  ,  with  complete  diffraction  field  of  frequency  x  €  ,  that 

is  projection  k  into  the  first  sheet  ofA'  is  po.s.sib)e.  And  in  that  total  diffraction  field  part  of  modes  in  (3) 
will  propagate  towards  the  cavity  (waves  of  excitation);  and  other  part  with  not  coinciding  with  previous 
on^  indexes  n  and  j  -  will  propagate  from  cavity  (secondary  diffraction  field).  Thus,  the  total  field  will  be 
divided  into  two  noncoinciding  packets,  that  is  the  complete  transformation  of  one  wave  packet  into  another 
is  realized.  All  characteristics  of  the  regime  (amplitude  of  arriving  and  outgoing  wave  ,  the  excitation 
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V  .. 


fc«Hicn«  ic  )  we  determined  from  the  solution  of  Bpectral  problem  on  the  line  segment  of  was 
Sr^fL  .  Both  the  line  segment  and  the  sheet  are  uniquely  defined  by  ma.n  parameter  of  reg.me  - 

bv  set  of  indexes  n  and  j,  corresponding  to  oulgoing  and  arriving  waves.  .  .. 

^  The  results  shown  in  Fig.1,2  illustrate  these  statements.  The  parameters  of  the  simpl^t  model -  coaxial 

cavity  in  circular  waveguide  as  waveguide  tuner  and  reflection  mode  transfoernet  are  defined,  n  ig. 
««ty  m_arculw  ^  ^  after  passing  ‘hjough  cut  line 

="0  Wose;ond  sheet  of  K  .corresponds  to  the  complete  tuning  of  two  circular  waveguides  or  different 
radii  The  point  k  =  1.3967,  L  =  0.387  in  Fig.2  provides  the  regime  of  complete  transformation  of  Ha 
radii,  ihe^  ^  reflected  The  lines  of  equal  values  of //or  transmitted  wave  energy  (Fig.l)  and^oi 

labor-cousuming  numerical  solving  of  diffraction  problem 
"^nsidiaL  naramcter  region  demonstrate  the  advantages  of  spectral  approach  in  defining  particular 
Mimes  of  dectromagnetic  devices.  (The  points  of  complete  mode  transformation  are  marked  by  asterisks;. 

to  ..gio,..  ~,nod. 

and  coupling.  In  order  to  determine  the  coordinates  of  degeneracy  points  {Ki.Li]  ,  which  are  causing  the 

degeneracy  phenomenon,  we  have  to  solve  the  system; 


{  Km. 

\  FM. 


JC  =  «  +  ix 

X=:I'  +  iX' 


In  the  local  vicinity  of  the  degeneracy  point  (K<i,Xrf)  can  be  written  in  the  form 

Their  investigation  can  give  the  picture  of  degeneracy’s  transformation  and  even  disappearance,  that 
are  displaying  in  resonator  when  it’s  parameters  are  changing  (the  diffraction  losses  increasing,  volume  is 
varying  aht  etc).  To  determine  the  Motce  critical  points  coordinates  .  causing  the  mode  coupling, 

wc  have  to  solve  the  following  system: 


with  condition 


f  F:(a.L)  =  0 

1  Fi(«.£)=0 


F:AL-iKLf^(> 


In  local  vianity  of  Morce  critical  point  spectral  eurv«i  may  be  computed  by  meaps  of  rather  simple 


where  •  r  i  . 

The  complicating  of  the  clectroraagnetic  resonant  cavity  model  causes  the  complicating  of  electron^ 

netic  resonant  processes  in  it.  So,  in  the  case  of  junction  of  two  cavities,  that  may  be  realized  m  vario^ 

ways  spectral  cLes  split  (except  of  those  with  zero  longitudinal  number)  and  more^possibihti^  for  vario^ 

tyirfwupling  and  degeneracy  appear.  The  ^  picture  of  diffraction  and  spectral_prc^erUes_  become 
more  complicated  too.  The  situation  when  the  solution  of  system  (6)  does  not  satisfy  the  condition  (  ) 
appears.  This  point  is  the  catastrophe  point.  In  such  case  the  presentation  (9)  ^ 

it  is  necessary  to  cany  out  the  investigation  of  higher  degree  terms^in^  expansion 

additional  parameters  can  simplify  the  problem,  because  when  one  of  chosen  parameUrs  vwy  even  a  ightly, 
the  catastrophe  point  break  down  into  finite  number  of  Morce  critical  points,  that  satisfy  (7)  and  (8). 

The  numerous  illustrative  dates  for  spectral  and  diffraction  characteristic  behavior. 
configuration,  location  of  Morce  critical  points,  degeneracy  e  points  and  their  connection  with  diffraction 

properties 'We  to  be  presented  and  discussed  in  the  report. 
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RIGOROUS  THEORY  OF  HORN  ANTENNAS;  ASYMPTOTICAL 
COMPUTATION  OF  BACKWARD  AND  BROADSIDE  RADIATION 

Tatiana  Popkova,  Anatoly  Slepyan  and  Gregory  Slepjran 
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ABSmACT 

A  new  x]goix>U8  approadi  to  the  problem  of  computatioi]  of  broadside  axid  backward 
radiation  of  bom  aniennas  is  suggested.  It  is  based  on  the  theory  of  dual  integral  equations 
•asoeiated  with  Kantoxpvicbrlebedev  integrals. 

lN3?EODtI€TION 

Classical  theory  ofhom  antennas  is  based  on  the  asy  mptotic  theory  of  diffr  action  (EuygejK- 
Kirchoff ’s  principle).  This  theory  works  well  in  the  case  of  field  computation  in  far  zone  and 
*forward^di^cction.  The  present  report  deals  with  a  r^orous  theory  of  bom  antennas  which 
k  bee  of  any  phenomenological  principles  and,  unlike  the  classical  theory,  is  valid  for  field 
computation  in  near  and  iransiiiQn  zones,  description  of  backward  and  broadside  radiation. 
As  an  examj:de,  we  consider  two-dimensional  -Emplane  sectoral  horn  e^cciied  by  a  line  Bourse 
jiaced  at  the  wertex.  The  born  geometry  k  mcnlelled  by  a  syirunetric  d&edrai  angte  Isec 
Fig.  1). 


Ibe  mathematical  statement  of  the  problem  in  question  k  to  find  a  sohition  of  the 
equation 

(1) 

(A  ==  jkf  k  -  wavenumber,  ^  =  ff,)  satisfying  the  boundary  condition 

^  =0.  (2) 

im  g 

where  6  k  the  horn  surface. 
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METHOD  OP  ANALYSIS 

The  first  step  of  our  technique  is  to  divide  the  space  into  two  wedge-shaped  partial 
subareas  0<^<a,  0<r<oo  and  a— ^<^<0, 0<r<oo.  Let  us  present  the 
^•component  of  the  magnetic  field  in  the  first  subarea  in  the  form  of  Kantorovich- Lebedev 
integral  I 

tpi  =  CKo{Xr)  +  f  V{r)KjriXr)  co8h[r(^  -  Qf)]dr,  (3) 

Jo 

where  V(t)  is  the  function  sought^  C  is  the  preset  constant.  The  first  term  in  (3)  d^cribes 
the  primary  field  (the  field  of  a  linear  source  placed  at  the  wertex  of  the  hom)yKjr{x)  - 
modified  Bessel  function  of  the  third  land. 

The  field  in  the  second  subarea  is  presented  as 


=  J  B(T)Kjr{^r)  coflh[r(^|(?  —  a  +  ir)]cifr, 


where  B(t)  is  the  unknown  function  to  be  found. 

Using  the  continuity  condition  for  the  tangential  component  of  the  electric  field  at  the 
subareas  interface  (v>  =  0),  we  can  obtain  the  following  relationship  between  the  unknown 
functions  V(t)  and  B(t): 

..  (5) 

^  '  8inh[r(c^  —  ^r)]  ■ 

Impoamg  the  boundary  condition  (2)  at  r  >  and  the  continuity  condition  for  the  tangential 
component  of  the  magnetic  field  at  the  subareas  interface  xp  O^r  >  R  and  using  (3)-(S)) 
we  obtain  the  following  set  of  equations  for  2^(r) 

f  rV{r)Kjr{Xr)^h{ra)dr  =  0,  r  <  ii,  (6) 

Jo 

r  p) 

Let  us  introduce  new  unknown  function  by  the  formula 


d(r)  =  I>(t) 


8iDh(r5r) 


Then  the  system  (6),  (7)  can  be  reduced  to  the  system  of  dual  integral  equation  including 
Kantorovich-Lcbedev  integrals  studied  by  Lebedev  and  Skal’skaya  [1] 


/  d{r)u){r)KjT{\r)dr  =  0,r<R, 
Jo 

J  d{T)K jr{\r)dT  —  c^ToC'^r),  r  >  i?., 


where  (4^(r)  =  r  sinh[r(7r  —  a)]smh(raf)/  8inh(r5r).  The  main  idea  of  the  solution  technique 
suggested  by  Lebedev  and  Skal’skaya  is  to  reduce  the  system  (8),  (9)  to  the  Fredholm  integral 
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of  tbe  second  Idnd  for  eome  anjaHeiy  ftincUon  i/(t).  Thia  function  ia  defined  by  the 
fcimuln  _ _ 


wiere  M(At,ir)  =  EJri;,+,v(A<)+iri/a-ir(A<)]/2.  Using  diacontinuioua  Kantorovich-Ubedcv 

integrala  [1],  we  can  ahow  ihat  the  function  d(r)  expressed  by  the  formula  (jO)  identically 
^gtiation  (8).  Sobstitoting  (10)  into  (9)  and  performing  some  transformations, 

we  can  obtain  the  iniegral  equation  for  n(t) 


+  =  /(*).  (il) 

where  the  b!rncl  J!r(s,  t)  b  expressed  by  the  fo 

\K(s,t)=-jr  A(r)Jtf(As,ir)M 
^  /o 

where  A(r)  =  T  sinh(rT}/w(r)  -  2  coBh(rT).  The  feee  term  in  (9)  is  pven  by  the  fomnda 

It  w  uoportani  to  note  that  the  integral  term  m  (11)  is  decrea^  with  increasing  (Afl). 
A  specific  pecuharily  of  the  integral  equation  (11)  is  an  applicabaity  of  the  iteration  tech¬ 
nique  for  sd^g  (11)  at  large  |A(ii  (this  case  is  of  most  practical  interest).  In  a  first 
•ppioxiiaation  (initial  estimate)  we  have 

n(t)«/(t)--;^Jfi/a(Ai).  (13) 

From  MaxweD^s  cqiiaUoiia  it  follow 

=  (W) 

fteor  d<p  ^  uxtrJo 

Substituting  (10)  into  (14)  and  talcing  into  account  (13),  we  obtab 


The  relationship  (15)  has  clear  form.  Note  that  (15)  is  ap^cable  for 

any  r  (N  <  r  <  oo).  This  fact  can  be  easSy  substantiated  from  the  phymcd  point  of  view: 

hnftiy  Py  PYpw»mi<»d  hy  (1.^)  has  correct  asymtotic  behaviooi  at  large  hr;  secondly,  .Er  SatiafieB 
Meixner  condition  at  the  edge  r  =  ii. 

Unfortunately,  other  components  and  the  rrcomponept  of  the  electric  field  at  ar  bitrary 
values  of  ^  cannot  be  expressed  in  such  siinple  form  as  E,  on  the  radial  extensions  of  the 
horn  wafis.  To  edcdate  foese  components  of  the  electromagnetic  field  we  can  use  the  second 
Green  fianmda  in  combination  with  expae^on  (is).  In  particular 


V«(r,!p)  =  Gi(r^ip|rV0)|^(r',  0)rfr', 
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where  t  =  1,  2,0,-  -  Green's  fnnctions  of  the  equation  (l)  for  wedge-^sb aped  areas  0  <  ^  < 
oi{i  =  1)  and  a  —  r  <  <  0(»  =  2),  satisfying  Neumann's  boundary  condition  at  s  0,  or 

and  <p  =  a  —  x,  0  respectively.  The  expression  for  d^p/dip  at  vo  =  0  results  £rom  (16).  Various 
representations  of  G,- are  given  in  [2]. 

Using  (16)  Mid  Maxwell's  equations,  one  can  obtain  the  expressions  for  the  electroinag- 
nctic  field  in  any  point  of  the  space.  With  the  aid  of  (15),  (16)  we  can  calculate  the  fields  in 
near  and  transition  xones,  analyse  broadside  and  backward  radiation  of  the  linear  boms.  For 
such  horns  the  approach  suggested  seems  to  be  more  effective  than  the  incomplete  Galerlos 
method  with  eerniinversion  in  the  boundary  conditions  [3].  However,  the  technique  [3]  can 
be  applied  to  boms  of  arbitrary  amfigurations,  corrugated  horns  in  particular. 
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TRANSPAR^  BOUNDARIES  FOR  THE  PARABOLIC  WAVE  EQUATION 

Alexei  V. Popov 

Institute  of  Terrestrial  Magnetism,  Ionosphere  and 
Radio  Wave  Propagation,  Russian  Academy  of  Science 
142092  Troitsk,  Moscow  region,  Russia 

(A)  TTie  LecKitovich-Fock  parabolic  wave  equatiai  (PWE)  [1]  has  many 
applicaticns  to  diffraction  and  wave  propagation.  It  can  serve  as  a 
powerful  computatimal  tool  for  complicated  environments  (radio 
propagation  over  a  curved  terrain,  in  a  nonuniform  tropospheric  duct 
etc.).  A  specific  difficulty  arises  when  the  wave  field  is  to  be 
found  in  an  infinite  domain.  In  order  to  handle  the  problem 
numerically  one  has  to  reduce  the  region  to  a  finite  strip  (in  two 
dimensions)  or  to  a  cylinder  (in  3D  case)  and  to  transfer  the 
radiation  condition  posed  at  infinity  onto  its  border  (surface).  It 
is  desirable  to  do  that  exactly  in  order  to  avoid  spurious 
reflections. , An  exact  form  of  the  boundary  condition  providing  full 
transparency  for  an  arbitrary  solution  of  the  PWE  in  2D  has  been 
found  and  testedin  [2] .  An  equivalent  formula  has  been  published 
independently  in  [3].  Here,  we  discuss  this  result  and  make  necessary 
general izatio:?j  for  3D  problems  and  quasi -stratified  environments. 


(B)The  simplest  case  is  two-dimensional  diffraction  by  a  finite 
dielectric  obstacle  in  the  half-space  z  >  0.  If  the  dielectric 
permittivity  e(x,z)  differs  not  much  from  unity:  je-l|<<l,  a  paraxial 

wave  beam  E  =  u(x,y)e“‘*  can  be  described  by  the  parabolic  equaticn 

2ik  g  ^  +  k^(c-l)u  =  0  (1) 

dz 

Assuming  that  variation  c-1  vanishes  above  the  level  z=a  we  can 
solve  Eq.(l)  in  the  quadrant  x>0,  z>a  analytically.  So,  for  a  given 
initial  value  u(0,z)  =  u^(z)  and  for  an  arbitrary  boundary  value 

u(x,a),  the  exact  solution  of  Eq.(l)  that  satisfies  the  radiation 
conditico  can  be  written  in  the  following  form;  u  =  v  +  w  where 


v(x,z)==e 


S  u  (z+t)e  dt  -  J*  u  (2a-z+t)e  dt  (2) 

_  0  0  I 

-z  z-a  -I 


(z-a) 


w(x,z)  = 


/  27rk 


X  u(C,a)  e 


JL 

Vx~^ 


Now  we  can  calculate  the  normal  derivative  flu/Sz(x,a). 
Differentiating  Eqs.(2)-(3)  yields  the  following  relaticxi 


|H(x.a)  =  -  e  ^  X  u(e,a)  (4) 

It  can  be  ccnsidered  as  a  nonlocal  generalization  of  the 
third-kind  bounda^  condition  which  enables  one  to  integrate  Eq.(l) 
numerically  within  the  strip  -a  <  z  <  a.  The  finite^difference 
approximation  of  Eq.(4)  has  been  examined  in  [2].  Numerical  tests 
showed  full  absorption  of  arbitrary  wave  packets  encountering  the 
interface  z  =  a  from  inside  of  the  strip.  If  the  initial  function 
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u  (z)  vanishes  for  z  >  a,  .  the  boundary  conditiai  (4)  takes  a 
o 


homogeneous  form 


||(x,a)  -  -  e  u(x,a) 


that  ensues  from  faci;orization  of  the  differential  operator  (1): 

(2ik  *  JL,  „  .  (jI  *  )  (5I  -  )  u  (6) 

dZ 

(C)  Consider  a  3D  generalization  of  the  parabolic  wave  equaticn 

2ik; +  M  +  k^(e-l)  u  =  0  (7) 

assuming  that  variations  e-l  and  the  initial  value  u(0,r,<p)  =  u^(r,f>) 

are  localized  in  a  vicinity  r<a  of  the  longitudinal _  axis  (a  good 
example  is  a  paraxial  wave  beam  truncated  by  a  finite  aperture  and 
propagating  through  a  dielectric  quasioptic  system) .  As  the  PWE  (7) 
can  be  solved  analytically  for  r>a,  we  are  able  to  transfer  the 
radiation  condition  from  infinity  to  the  cylindric  boundary  r  =  a. 
Using  the  Fourier  expansion 

u(x,r,?))  =  Z  u  (x,r)  e^*"^  (8) 


and  Duhamel  principle,  cne  gets  an  exact  expression 

u(x,r,y)  =  ^  lx  u(C,a,^)  dC  Y.  e^“^^'^^0^(x,C,r)  (9) 

0  0  »=« 

of  the  solution  u(x,r,p)  outside  the  cylinder  r  =  a  in  terms  of  its 
boundary  values  u(x, a, ilr) .  Here, 


'  2ir 


.  c+ioo  (rVSikp) 

X 


eP^ 


c-ioo  HB‘^'(a/2ikp) 


are  partial  step  functions  satisfying  the  boundary  ccndition 

f  1.  X  >  0 


U  (x,a)  = 


-0,  X  <  0. 


and  the  radiaticxi  condition  for  r  ».  Simple  calculation  yields  a 
perfectly  absorbing  boundary  ccaidition: 


1  21  *  ^ 

|H  (x.a,?))  =  ^  a5^  X  -T  u(^,a,i/f)  K(x-C,f-0)  dC  dip 

00 


with 


K(x,¥>)  = 


“  Ml' 

-iir/4  00  .  r  Hi  (a/2ikp) 

'  »=-»  J  Hi'*  (avCTp) 


that  enables  us  to  reduce  the  computation  regicxi  to  the  cylinder  r<a. 

(D)  A  parabolic  wave  equatioi  for  UHF  propagation  in  a 
tropospheric  duct  has  been  introduced  in  [l] 
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2ik  +  2k*-^  r  1  +  g(x,z)  1  u  =  0  (14) 

^  8z^  R  I-  J 

Here,  the  height-dependent  terra  z/R*  describes  the  ^  joint 
influence  of  the  earth  sphericity  and  baranetric  refraction  (R  is  the 
equivalent  earth’s  radius),  and  the  correction  g(x,z)  corresponds  to 
nonuniform  variations  of  the  refraction  index  localized  below  some 
reference  height  z=b.  (similar  models  comprising  a  horizontally 
stratified  background  and  localized  perturbations  are  used  in  ocean 
acoustics  [4l).  Having  in  mind  numerical  integration  of  Eq.(14),  we 
have  deriv^  a  boundary  condition  reducing  the  problem  posed  in  the 
half-space  z>0  to  a  strip  0<z<b.  Omitting  details,  we  just  write 

down  the  result  in  dimensionless  variables  ^=(k/2R*^) ^^^x, 

<=(2kW)*^^z,  ^=(2kW)^'^^b; 


and  w  (t)  is  Airy-Fock  function.  It  is  evident  that  similar 

transparent  boundary  conditions  can  be  obtained  for  other 
hei^t-dependent  backgrounds . 


(E)  Our  approach  to  truncation  of  the  computational  domain  yields  a 
family  of  special  functions  being  the  kernels  of  integral  boundary 
cperators.  The  simplest  2D  example  (4)  shows  that  the  kernel  has  a 
weak  singularity;  at  the  end  of  the  integration  path  and  seme 
ncxi-local  "tail".  It  is  interesting  to  examine  the  less  trivial 
examples  given  above  from  this. point  of  view. 

CcKisider  the  3D  parabolic  equation  (7).  In  the  most  interesting 
axial  symmetric  case,  the  boundary  condition  (12)  takes  the  form 


(x,a)  =-4  J  u(C,a)  (x  -  $)  d^ 


-in/ 4 


0  IT 


- ^  ";‘“H“’'(a»CTp)  . 

k/2  r 

cMoo  (a/2ikpj  Vp 


In  can  be  seen  that  its  asymptotic  behavior  depends  on  the 
magnitude  of  the  Fresnel  parameter  q  =  x/2ka^.  For  q  «  1, 

substituting  the  asymptotics  h'^^{z)  “  / 2/nz  e^^^  ^  for  the 

Hankel  function,  one  gets 


We  see  that  the  boundary  operator  (17)  has  the  same  singularity 
as  its  2D  prototype  (4)  and  reduces  to  the  latter  for  large  radii  a. 
The  opposite  limiting  case  x  a  can  be  examined  by  replacing  H^^^(z) 

with  its  approximation  2/w  logz  for  small  z.  It  makes  possible  to 
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evaluate  the  integral  (18)  asymptotically: 


K  (x)  r  log  dt 

°  ^  "  J  log(a/2K)  -  in/4  ' 


lQg(a/2kt') 


a  log 


This  formula' shows  that  in  three  dimensions  the  kernel’s  tail 
descends  more  slowly  than  l//x. 

A  similar  analysis  for  the  PIE  (14)  in  a  quasi-stratified  medium 
reveals  the  same  type  of  singularity: 


■  sir  J 


W^(t-p) 
t  w^(t-p) 


and  a  "tail",  for  large 


K(C)  = 


w^(-b) 
w  (-b) 


exp(-t^C  e 

K  ,  +  „in/3 

b  +  t  e 


Vn^ 


Const  +  0(e“^)  (22) 


tending  experiential ly  to  a  censtant  limit. 

This  constant  does  not  give  nonlocal  contributicxi  to  the 
integral  boundary  operator,  therefore,  in  this  case  the  transparent 
boundary  has  extremely  short  "memory".  It  is  natural  because  the  rays 
corresponding  to  the  PWE  (14)  bend  upwards  and  leave  the  upper 
boundary  z  =  b  rapidly. 

Gki  the  contrary,  if  we  write  down  the  analogous  boundary 
condition  providing  perfect  transparency  of  an  arbitrary  chosen 
"bottom”  of  the  nonuniform  layer  a  <  z  <  b  ,  we  will  see  that  the 
boundary  operator  has  very  long  "memory”.  The  corresponding  kernel 


-CO-  I  c 


V  (t-a) 

— - dt 

t  v(t-a) 


.-iir/4 


^  0 


7  1 

with  OL  -  (2k  /R  )  a  is  closely  related  to  the  special  functicxi 
investigated  in  [5]  for  the  whispering  gallery  problem. 
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EXIT ATION  OF  THE  IMPEDANCE 
AKTENHA  M  THE  CIRCULAR  Vv^VEGUIDE 


S  J)  menko,  N  A  JCiizhny  ok 

Netiotxid  Sckccc  CesUy  ICbsiLcv  of  rir^'sdcs  ssid  Tcchndogy, 

3 1 0 1 08  Khsjkov^  Ukraiae 


ABSTRACT 


Tbc  equatioa  Rr  an  itnpcdaacc  K^rsr  cstcrfna  m  the  drcuW  v»avtLg7jIfk  been  derived.  By  die  avcniging  nietlKxI 
obtained  waa  the  aohjtica  of  the  equalicti  for  syTonjitric  trA  £rli5>m'nc'tiic  curre>::t  co^j-ipor/entB  -w'hii  tjkbg  ixfxt  accouat 
'Cbdr  coupling  Tlw:  «syn2{^*.e<ic  expre^ioKS  hdng  gjvca;  allow  one  to  describe  m  feem  bc<h  the  resconnee  snd 

BcesrssoBJiiact  case*  cf  eKotarioa.  The  calciilalioa  re^uka  for  the  rescGc^ce  S-ei;'jer*cy  of  the  coupled  entesna  in  the 
wav^id:  at  a  firequciuy  above  the  cutoff  ju-c  cocjp^rcd  with  the  experiaaexitaJ  ones. 

INTRODUCTION 


¥or  coDsiderstioa  of  kwded  waveguiding  Ktnjctnrcs  a  prorebing  inetfeod  is  of  iMfgral  tJjuatlon  the  macroecopic 
ciectrodynemics  [1).  For  the  droilsr  -wsveguide  by  the  unpedroice  linear  entciTna  this  method  is  dervcloped  in  [2] » 
p].  The  analogous  cotksufcfarioa  was  £;^lied  for  the  iirv’estigstion  of  the  licesr  cnteisia  in  [4],  [5J.  Kowever,  'die  sicnsoidal 
dis£r^9utko  of  a  cxrrxGsL  along  the  Hoear  cnienna  in  [4]*  and  the  perfectly  cooduetiiig  isncoupicd  sstama  is  ccssridered  in 
PJ.  Results  ffom  {21.  p]  describe  the  uncoupled  impedance  antenna  and  fee  coupled  impedance  anterma^  ^viitdb  touchs  the 
wall  of  the  waveguide  hy  oac  or  two  end.  The  asiii^Jtotic  exf^tssions  for  the  current  describe  the  real  distribution  of  the 
offTcnt  along  the  antesBii. 


ANALinCAL  FORMULAS 


TIk  syjiEjadric  J*  and  antis>?nmdric  cufrcsit  cesnponenSs  being  excited  in  the  Kucar  asleep  arc  described  by 
fee  system  cf  iniegrodiffexaatial  equetio*!  wife  fee  small  persmetr  [2].  [3] 


ALOl  +  k2j®(l)  =  afM*  (1)  +  I^[l| J®J  +  ]^il|J®|+  +  F®I1| J® I  +  (-l)ia.ZJ*(l)).  (1.1) 


d=j“fl) 


+  k=‘j*n)  =  a{toE*(l)  +  I^n|y‘j  +  i^SliJ®)  +  F®11|J*J  +  F®|11j®]+  (-DUbZJ^CI)),  (1.2) 


whexe  ct  k  a  psrsmeter;  E®  (1)  are  nTssmetric  End  sntisy'nrrietric  cenapoo^asts  <^fee  istesEsity  of  external 

dearie  field.  M  (LI)  ^{lljf^l  P®{l|j® j  are  fee  fisnetsonals  efependent  on  fee  variifete  I  and  bdog  fee 

fVsnnaetricdcoG^soQesztoffeeastenminkiiidfiejkiufeicidqjCEds  OQtbesyiE^^  I^[l|j^J  is 

dOemmed  by  fee  Green  fiipctioc  of  fee  Laplace  equation  function  of  the 

^ikR(l,r) 

Ildmhohz  eqiuation  — k  the  field  of  the  actojna  rcpesledly  refiecled  fixxn  the  waveguide 
walk  usid  k  doenranad  by  fee  regui^  Green  fimetion.  J  is  the  symmetric  component  driven  by  fee  ftntkyirinaetrk 
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cmreut  conrpc^riA.  Tbc  regular  Greca  flirvrtaoa  (?,?')  v/c5  in  [6]  end  ii  rdfjtcd  %vifh  the  Ostea  ^lodioo 

of  the  free  spOrCc  by  the  rd^on 


fltlr-rl 

:f.n=iV  -.,  •^G^^ir.n 


where  I  is  the  imh  tensor,  (r,  P)  is  the  electric  tensor  Green  frinctica  for  tibe  vector  potcntiiil  of  &e  ctrculer  waveguide. 

The  frxnctiooab  in  (1.2)  arc  the  imfr:^*nm€iric  cooc^Kxients  of  the  antenna  k^rinsic  field 

dependent  oo  fee  antisyinn^ctric  current  conriporben*;  {ij  I*  J  ia  the  iin^’cymmctnc  coGopc?ne3it  of  the  antenria  field  reflected 
fit^n  the  waveguide  cod  drived  by  the  symnjetric  oorrcEl  ccnnpooeot. 

Uinsig  the  m£tlK>d  of  averages  end  iii!j€>ducaiig  the  boimdo^ 

I(-L)  =  I(+L)  =  0,  (3) 

we  obtain  froco  the  system  (1)  in  the  first  apj^ximetioa  for  a  fee  resufting  curent 


H)a~  ^  I  . 

1(1)  — sr - - ^ - ;;; - (sink(L  - 1)  fEo(r)sink(L  +r}<il'  + 

«m2kL-a\V*(kn,2kL)--aW®(ka,2kL)  .  Jt 

.  t  . 

+  *ink(L  +  l)/Eo(l')Hnk{L  ~  r)dl') 

1 

and  fee  dfEperskai  cquahoa  for  the.  uncoupled  irapedaaee  entenna 


ln(4X(5) 


sin  2L{1l  -  —  <d  Ira  Z  (k))  -  a  Re  W*  (ka ,  2kL)  -  a  Re  W*  (ka ,  2kL)  =  0 
2k 


W*(ka,2kL)=  J  (G^(-L.^)  +  Gi^(+L.5))«iii(L-5)d5. 


W*(Va.2kL)=  /  (Gi^(-L.4)-C!*u(+L.^))Ein£{L-5)dt 


I*  ^ 

^  +  If  Z  ~  Is  11^  symmetric  component  of  fee  Green  fuacdoa  (2)  m  fee  antenna  coonfinate 

system. 

Solving  the  system  (IX  wife  taking  into  accouni  the  boundary  coofetioQ 

dIhL)^dI(-hL)_,  ^ 

dl  (B  '  CO 

we  obtain  for  the  coupled  iznpedance  antenna^  the  bofe  end  of  which  cc^itact  wife  waveguide  walls 


^(1)  = - = - r - § - ; — r-  (cosk  (L  -  1)  f  Eq  {Dcosk  (L  +  V  kfl'  + 

sin2kL-aW®(ka,2kL)-aW^{ka.2kL)  -L 

I 

+co8k(L  +  1)/EoO')co»£(L  -  r)dl') 

I 


W(ka,2kL)=  j  (~— C^u(-L4')  +  {--l)iiG^(+L.lO)cosk(L- W 

-L  *•  »S  k  QC 
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(9a) 


W-(ka.2kL)  =  + 

-I  k  di^  k  d^ 

The  JsspOTkw  equsdon  coir^yes  v.*h  (5)  for  the  co’jpicd  rsisim.%  bo-.wer  in  fths  wsc  VV*.  V/*  ere  dKiOTicd  by  (9.1\ 
(9.2X 

The  KBuhins  cufTciit  I{1)  ia  tfcfi  coupled  cnr-casa,  ose  end  of  vAich  coatrrrt^  vAh  the  waveguide  wrdl,  h  the  solution 

^!^  +  k2Jfl)  =  a(ifflE.n)  +  FJllJl+FJllJl  +  F|llJ]  +  (-l)ioZJ(n^  (10) 

with  the  booiKkiy  cxxk!^ 

i{-t)=£IliM=o  (11) 

di 

Hl)a?  .L  .  .  I  . 

1(1)  - - . - - ^(sm£{l,  +  1)  lEo(r)cosk(L  -  r)dl'  +  (-l)cos2kl  J Eo(l')sinIc(l  -  r)dl')  (12) 

cos2kL-aW{ka,2fcL)  -L  -L 

(&!pcrtioQ  cqufitioQ  &e  foctn 

C062L{k-— OlmZ(k))-aR6WPui,2kL)=0,  (13) 

2k 


W{kfl,2kl)  =  Y («in2kLi4-<^f^-^')  +  ^  (L,l'))cosk(L  -  r)dl' 
-L  k.  a4 


NUMERICAL  CALCULATION  AND  EXPERIMENT 

The  cakoktioo  resulis  for  &c  rcscjcsocc  fi^cncy  of  the  (Doapled  catenna  in  the  wavc3y  idc  st  a  frequency  shove  the  cutoff 
■re  cocipsred  with  the  cxperusMlai  ones.  The  artom  is  oriented  by  the  waveguide  radius  and  is  touching  to  the  waveguide 

by  coc  ctsdTbe  ratio  rescaance  frequency  —  is  the  frequency  above  the  cutoff)  is  edeuisted  as  a  frmetioo  of  the  redo 

length  autoEis  in  accordajxx  with  (13).  The  csIcuiEtion  ii  performed  for  the  perfectly  rik!  iir^jednijcc  antenmt 

The  anlefflifi.hs8  the  form  of  the  rib  pivot  Tbs  diameter  of  the  perfectiy  condactieg  ssitenna  is  1,5  mm;  foe  the 

tmjvrigTtfv  intcanst  the  inner  diameter  is  the  external  diameter  is  7,5  inm;  the  diameter  of  a  waveguide  Das 

t  ^  t  wnm  T>o  rttfTgiYTK^  hf?twg?gn  thg  c^cukting  md  esperir?^(*nt&l  resuhg  is  about  few  per  cenL 


0.6  0.6  0.7  0.8  0.9  1 


Fig- 1.  The  ratio  resGoance  frequency  —  (4  is  the  resozuiacc  frequency  of  the  antenna) 

4: 


«afimcricMacffrjerariokiigtb-g'  (Lathe laigthoftheamjcana). Theperiri:rtiy condiixliEgan 
1  -  Ifae  cadculaiioo;  2  -  frie  experimenlTbe  inmedance  anteana:  3  -  the  Gaicui£lio£i;4  -  the  c3q>eris:^nL 


344 


KEFERKNCES 


(1)  N-A-Khizh,'r^>r-,k:  oft^^  r:*cro::'rc;p’c  Ktcv:  Nfiukova  (19^^-  {la  Kmilnn).  . 

(2)  S.D.Pr^r"::T^ko  ct,  rl:*'I.T.p:c'!;:r;rc  V;-^Uj  t:;™  c>’!h’.d^icA!  ccrcira**,  PkC;piT<5t  KliFn  92-4R*  Kh/nkov* 

KJ-Fll  (i992).  (la  RuKfiir.n). 

(3)  S.D.PnJmcakD  cl  cl, :  *'Chr:.iT,c1f.n:TfIc  rcsTstrjicc  of  ihn  p.rtesjia  v/ith  fhz  clrculsr  cylindricsl  scrc;cn",  Piq^fd 

KhFTI  93-21,  rnrrkov, 

(4)  Sd-Si30  rO- Axl?i  Ekctro-ic^  V.21,  >!:?3  (1993X  51. 

(5)  J.M Jfeov:  ^rtz  scr-lterln^  cf  ^v.^v^3  by  tb^  \v:re  tzd  fe  zrr-p'\  jncludoo  m  the  eJccli’o<iyrj[^>!TACS  structufe". 

The5l5  of  Fa  D.  b  j:iid  Mr.t,  K>.a:k(>v,  1990  (In  Rus^i^ia). 

(6)  S.D.PnJniciiko  ct  fil.  :  "On  the  drKt  of  fe  draj!r:r  by  the  point  cuirer^  so^srce",  Piqiirirdt  KhFTI  91-27. 

KhadW:  Khin"!.  1991  (InKuesifin). 


EI^CTROMAGNETIC  OSCILLATIONS  IN  A  WAVEGUIDE 
CONJUNCTION  WITH  MAGNETIZED  FERRITE  INSERTIONS 

NJ.Pyatak.  O.V.KuIakov" 

lUdiopAysical  department  of  Kharttov  Slate  University,  Svobody  sqr.,4  Kharkov  310077  Ukraine 
^Scientific  Centre  of  Physical  Technology,  National  Academy  of  Science  &  Ministry  of  Education  of  Ukraine. 

Novgorodskaya  sL,l  Kharkov  310145  Ukraine 


Introduction 


Waveguide  conjunctions  are  widely  used  in  super  high  frequency  (SHF)  tech¬ 
nology  [IJ.  Usually  its  diffraction  properties  or  natural  oscillations  are  investigat¬ 


ed  and  mainly  only  isotropic  magnetodielec- 
trically-filled  systems  are  considered. 

Natural  regimes  of  electromagnetic  oscil¬ 
lations  in  cross-shaped  H-plane  conjunction 
of  rectangular  waveguides  with  ideally  con¬ 
ductive  metal  walls  when  one  of  the 
waveguides  is  placed  by  transversally  (along 
axis  y)  magnetized  ferrite  insertion  (fig.l)  are 
investigated  in  this  work. 


Statement  and  solving  of  the  boundary  problem 

Natural  oscillations  in  the  considered  system  can  exist  if  radiation  from  every 
waveguide  of  conjunction  is  absent.  Oscillations  are  assumed  to  be  homogenous 

along  axis  y  (i.e.  hr  this  case  Maxwell  equations  turn  into  two  independ¬ 

ent  systems  of  equations.  One  of  those  systems  describes  E-oscillations  and 
another-  H-osdllations.  in  the  considered  system  E-oscillations  can  not  exist 
[2].  Magnetized  ferrite  can  be  described  by  scalar  value  of  electrical  permittivity 
e  and  magnetic  permeability  tensor  p  of  the  standard  type  [2J. 

First  let  us  consider  an  open  conjunction  with  ferrite  parallelepiped  only  in 
connection  region  of  waveguides  (d  =  0,  ).  Let  us  perform  the  solving  of  the 

problem  using  a  method  of  partial  regions  with  the  separation  of  a  connection 
region  where  field  presents  itself  as  a  superposition  of  fields  of  partial  waveguides. 
Finding  the  solving  of  Helmgolz  equation  for  the  only  different  from  zero  com¬ 
ponent  Ej,(x,z)  of  electromagnetical  field  with  corresponding  boundary  conditions 
and  radiation  condition,  using  the  continuity  condition  for  tangent  components  of 
the  field  on  the  partial  boundary  regions  and  using  the  biorthogonality  condition 
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of  waves  in  the  transmission  line  with  gyrotropic  filling  we  get  a  system  of  linear 
algebraic  equations  (SLAE)  of  the  2-nd  kind  as  to  unknown  amplitudes.  Using 
existence  condition  of  untrivial  solving  of  the  SLAE  we  can  find  a  disperse 
equation,  which  allows  to  receive  natural  wavelength  A  of  the  lowest  magnetic 
mode  oscillations  of  the  considered  structure: 

Det{  5^  -  Q,„)=0 

where 

IW 

t*m 

p  _ 4tmK^ 

J  _ _ 4nm  (-^J)  *  \  _ 


=  K^mi 


2  k 
k  ' 


;ij_-effective  magnetic  permeability, 
a,  b  -  dimensions  of  wide  walls  of  waveguides. 

At  the  great  t,  n  and  m  matrix  elements  Q.  behave  like  ®  I — — 

(nt*  +ir 

so  the  equation  received  can  be  applied  by  the  reduction  method.  Numerical 
investigations  have  confirmed  that  the  algorithm  convergency  rate  is  quite  high. 

Having  taken  off  the  outside  magnetic  field  the  received  disperse 

equation  turns  into  equation  describing  natural  oscillations  Hjjq  of  the  field  of 
magnetodielectrical  parallelepiped  in  cross-shaped  waveguide  conjunction  J3). 

If  metal  short-circuited  planes  are  installed  at  the  distance  —  from  the  symmetry 

■  2 

axis  of  conjunction  in  a  waveguide  of  width  b  then  disperse  equation  should  be 
changed  as  following: 

If  the  waveguide  of  width  h  of  an  open  conjunction  is  completely  filled  with 
transversally  magnetized  ferrite  then  determinant  element  should  be  changed 


7 


)(mr+r} 
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as  fonowing: 

■Pm 


where  r  and  are  imaginary  values.  And.  finally,  if  the  waveguide  of  width 
b  of  opSi  conjunction  is  placed  with  magnetized  ferrite  parallelepiped  of  finite 

length  then  in  the  last  term  in  the  factor  (  should  be 


ra,  cth  (Ttb  )  +  rtb  ^  i 


instead  of  the  item  equal  to  unity. 

Numerical  investigations  have  shown  and  experimental  data  confirmed  that 
natural  wavelengths  of  the  lowest  magnetic  type  of  oscillations  of  open  symmet¬ 
rical  cross-shaped  conjunction  with  ferrite  parallelepiped  in  the  connection  region 
of  waveguides  are  situated  beyond  cutoff  range  of  ferrite-filled  segments  of . 
wavecfuides  irrespective  of  external  magnetic  field  quantity.  Introducing  of  lugs 
d  (o<d<o^)  does  not  lead  to  essential  changing  of  natural  wavelength  quantity 

when  is  fixed. 

c 

Presence  of  the  metal  short-circuited  planes,  starting  from  some  value  —  and 


asymmetry  of  the  system,  starting  from  some  ^  lead  to  that  ferrite-filled  waveguides 
become  not  beyond  cutoff  and  resonance  volume  become  restricted  by  critical 
sections. 

Character  of  reconstruction  of  natural  wavelength  of  the  lowest  magnetic  types 
of  oscillations  of  ferrite-filled  cross-shaped  waveguide  conjunctions  of  all  consid- 
ered  types  keeps  similar  at  the  changing  of  external  magnetic  field  value. 

Cross-shaped  conjunction  of  rectangular  waveguides  with  magnetized  ferrite 
insertions  in  natural  oscillation  regime  can  be  used' for  creating  frequency-selec¬ 
tive  electrically  and  (or)  mechanically  recconstruction  devices.  It  is  more  expe-. 
dient,  however,  to  use  it  as  a  cell  for  SHF  control  and  measurement  of  parameters 
of  maanetized  ferrite.  Parameters  control  is  based  on  measuring  of  natural - 
wavelength  of  conjunction  with  tested  sample  and  comparing  it  with  a  standard 
one.  Measuring  of  parameters  is  carried  out  by  means  of  the  method  of  two- 
thicknesses.  Measurement  error  is  not  more  than  10%. 
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SUMMARY 

Transient  electromagnetic  (EM)  phenomenon  are  best  studied  directly  in  the  time- 
domain  (TD).  Some  transient  EM  phenomenon  of  significant  interest  are  those  associated 
■with  the  interaction  of  natural  and  man-made  EM  pulses  (such  as  those  due  to  lightning 
and  explosions)  with  complex  objects  (e.g.,  aircraft  and  spacecraft),  and  also  those  as- 
sodated  ■with  ultra-'wideband  or  transient  (or  impulse)  radars  which  are  being  developed 
for  potential  use  in  radar  target  identification  and  in  radar  remote  sensing  of  subsur¬ 
face  targets,  etc.  Unfortunately,  exact  analytical  solutions  in  TD  are  available  for  only 
a  few  simple  configurations,  whereas  brute  force  numerical  solutions  in  TD  lack  physical 
insight  and  can  become  ineffident  for  objects  which  are  large  compared  to  the  smallest 
wavelength  present  in  the  frequency  content  of  the  exciting  pulse.  On  the  other  hand, 
the  development  of  a  time-domain  (TD)  version  of  the  uniform  geometrical  theory  of 
diffraction  (UTD),i.c.,  TD-UTD,  would  provide  approximate  analytical  solutions  directly 
for  the  transient  response  of  pulse  exdted  radiating  objects  of  relatively  complex  shapes. 
Furthermore,  such  a  TD-UTD  would  provide  essentially  the  same  physical  insight  into 
the  radiation  and  scattering  mechanisms  as  does  the  frequency  domain  UTD.  Thus,  the 
simple  ray  picture  of  the  frequency  domain  UTD  transforms  into  a  corresponding  progress¬ 
ing  wave  picture  (along  time  domain  rays)  in  the  TD-UTD.  Development  of  a  TD-UTD 
solution  is  possible  by  analytically  inverting  into  TD  the  corresponding  UTD  solution 
available  in  the  frequency  domain.  Since  the  UTD  solution  is  valid  at  high  frequencies, 
the  corresponding  TD-UTD  will  generally  be  valid  for  short  to  intermediate  times  with 
respect  to  the  times  of  arrivals  of  each  of  the  different  wavefronts  (corresponding  to  •var¬ 
ious  geometrical  optics  and  diffracted  rays  which  arrive  at  the  observation  point).  The 
TD-UTD  is  thus  expected  to  complement  (or  overlap)  with  TD  numerical  methods  which 
are  best  suited  for  intermediate  to  late  times.  Some  previous  related  work  is  that  due 
to  Veruttipong  [1]  who  obtained  a  TD-UTD  for  a  perfectly-conducting  straight  wedge 
and  that  due  to  Heyman  and  Felsen  (2,  3]  who  developed  a  spectral  theory  of  transients 
(STT)  for  some  simple  configurations.  The  work  reported  in  this  paper  is  based  on  an 
approach  which  is  different  from  that  in  [l]-[3]  and  it  deals  with  a  general  curved  wedge 
configuration. 
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The  development  of  a  TD-UTD  for  a  perfectly  conducting  curved  wedge  which  hai ' 
been  completed  recently  will  be  presented.  It  is  obtdned  by  inverting  the  correspon^ng 
frequency  domain  UTD  for  edges  as  developed  previously  by  Kouyoumjian  and  Pathak  [4]; 
thus,  if  F{u)  denotes  the  UTD  frequency  domain  solution,  then  the  corresponding  TD- 
UTD  solution  denoted  by  f{t)  can  be  expressed  ai 

/(t)  =  Rchit)  ;  Jm<  =  0 

where 

oo 

f+(t)  =  -  f  ;  lmt>0 

and  u)  denotes  angular  frequency  (radians/sec)  as  usual,  while  t  denotes  complex  time. 
Also, 

.  oo+ft 

=  \  } 

-oo-i-ic 

in  which  U{(j))  represents  the  Heaviside  step  function.  The  use  of  complex  time  t  has 
several  advantages  over  the  conventional  inversion  techniques  where  t  is  always  reaL 
K  a  UTD  ray  traverses  a  line  or  smooth  caustic,  then  its  field  undergoes  a  phase 
jump  described  by  ysyn(u;).  Normally  the  j  sgn{u)  would  be  associated  with  a  Hilbert 
transform  operation  in  the  time  domain,  but  with  the  complex  time  representation  /+(t) 
it  is  simply  a  constant  factor  of  j.  Such  a  phase  jump  may  lead  to  a  corresponding  TD- 
UTD  which  is  non-causal.  However,  it  will  be  shown  that  time  causality  for  any  single 
TD-UTD  ray  interaction  passing  through  a  line  or  a  smooth  caustic  can  be  restored  using 
a  recently  developed  simple  rule  that  is  based  on  an  integral  representation  for  TD  fields, 
namely:  “causal  tum-on  time  for  an  otherwise  non-causal  TD-UTD  ray  contribution 
which  has  passed  through  a  line  or  smooth  caustic  =  arrival  time  for  the  shortest  path 
from  source  to  observer  via  only  that  portion  of  the  surface/line  source  distribution  which 
generates  the  caustic.”  This  rule  indicates  how  causality  must  be  enforced  via  global 
considerations.  A  “local”  ray  field  does  not  contain  all  of  this  required  information  leading 
to  TD  non-causality  in  the  first  place! 

The  inversion  of  UTD  based  F(w)  to  arrive  at  the  corresponding  ]{t)  (with  Imi  =  0) 
of  TD-UTD  yields  a  TD-UTD  response  to  a  progressing  wavefront  illumination  which 
is  impulsive  in  time.  Thus,  to  obtain  the  response  A(t)  to  some  general  time  dependent 
incident  waveform  -with  time-dependence ^(t)  where  H{t)  =  Rek^{t)  and  g{t)  ~  J?ey+(i), 
with  Imt  =  0,  one  must  use  the  convolution  theorem  which  is  expressed  below  as  a 
complex  contour  integral. 

qo+ic 

k+it)  =  I  /  ;  /mt>0. 

The  above  form  of  the  convolution  theorem  for  complex  t,  in  contrast  to  the  conventional 
real  time  convolution,  has  the  advantage  that  if  one  expresses  the  relatively  arbitrary 
input  time  waveform  5(t)  in  a  set  of  a  few  “special”  basis  functions,  then  the  complex 
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'  conTolnfion  caa  be  evaluated  in  closed  fonn  (rather  than  numerically)  thus  retaining  the 
numerical  advantages  gained  by  obtaining  an  analytical  TD-UTD  impulse  response  /(t). 

While  the  UTD  overcomes  the  limitations  of  the  conventional  geometrical  theory  of 
diffraction  (GTD)  [5]  ■within  ray  shadow  boundary  transition  regions,  the  UTD  still  needs 
to  be  patched  up  in  regions  of  ray  caustics,  and  overlapping  shadow  boundary  and  caustic 
transition  regions  using  the  equivalent  current  method  (ECM)  (or  the  incremental  theory' 
of  diffraction  (ITD))  [6]-{8)  and  the  physical  theory  of  diffraction  (PTD)  [9,  10],  respec¬ 
tively.  Hence,  it  is  also  useful  to  develop  along  with  TD-UTD,  a  TD-ECM  (or  TD-ITD) 
and  TD-PTD  for  curved  wedge  configurations.  Such  a  development  of  TD-ECid  and  TD- 
PTD  for  edged  bodies  will  also  be  described.  Applications  of  the  TD-UTD  for  edges  and 
its  above  modifications  ■will  be  iUustiated  for  curved  parabolic  strips,  drcular  discs  and 
finite  length  circular  cylinders,  as  well  as  for  an  impulse  radiating  antenna  (IRA)  which 
employs  a  parabolic  reflector  (as  designed  by  C.  Baum  and  E.  Farr,  [11,  12]). 
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ON  JDSTIFICATION  07  TFIE  METHOD  OF  DISCRETE  SINGULARITIES  FOR 
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The  eigenfrequency  problem  for  rectang^^  cyl^d- 
ric  waveguide  with  a  slot  is  considered.  This  problem 
is  reduced  to  a  characteristic  value  problem  for  an 
integral  meromorphic  pperator-function._  An  applica¬ 
tion  of  the  method  of  discrete  singularities  to  solu¬ 
tion  of  the  latter  problem  is  grounded.  Besides,  some 
general  theorem  on  convergence  is  proved  and  Fourier 
method  is  grounded  either. 

§1.  Statement  of  the  problem 

Let  us  consider  the  wave  propagation  process  in  a  cylln- 
drlc  waveguide  with  the  section 


1  K 


Wp  assume  that  the  areas  above  and  under  the  slot  are  filled 
wlth^  isotropic  dielectrics  whose  dielectric  _  permeabilities 
eaual  to  s*  and  s  correspondingly,  and  magnetic  permeablll 
ties  equal  to  1 .  Considering  TM-waves,  we  arrive  at  the  fol¬ 
lowing  set  of  Gelmholtz  equations 

f  Au^  +  Xu"  =  0,  S'^uS"; 

u'  =  0,  dS~  \  L; 

-  O**/ 

-  u  =  u  ,  L; 

i  1  L. 

.  B*  ffy  e~  ^ 

Se  are  to  find  a  complex  number  X  such  that  (1.1)  has  a  non¬ 
trivial  solution.  As  is  knovyn  this  set  can  be  reduced  to 
coupling  equation 
r  “ 

\  c  sin  ^  =  0,  xelO.a)  u  (b,l]; 

ni  " 

■  •  "  CO  ' 

Ac  f  (X)  Bln  ^  =  0,  xe(a,b), 

L  n  n  ^ 

*  T)  ss  1  ^ 

where  f  (X)  are  meromorphic  functions  such  that  =  0(n,t 

Yi 
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as  n  tends  to  Inllnlty. 

Last  research  of  Yu.Gandel  allows  us  to  transform  (1.2) 
to  the  following  prohlem.  We  are  to  find  a  nontrivial  func¬ 
tion  u(x)  e  ^(-1,11,  where  p(x)  =  jl-x^^ ,  and  a  complex 

number  X  such  that 

■  1 

■  u(x)  dx  r  dx 

.  iTT  f'%r  'V  •‘1  • 

1 

r  dx 

U(x)  - -  =  0 

J 

where  KCx.x^iX)  Is  smooth  with  respect  to  x  and  x^,  and  mero- 
moiphic  with  respect  to  X. 

§2.  Theorems  on  convergence 

Thus  we  arrive  at  the  following  problem.  We  are  to  find 
a  complex  number  X  and  vector-function  {p(X)  such  that 

A(X)(p(X)|;^^j^^=  0,  (p(Xq)  ^0, 

where  A(X)  is  finlte-raeromorphic  operator-function  of  Fred¬ 
holm  type.  Basic  definitions  according  to  operator-functions 
and  the  Rouche  theorem  were  represented  in  (i).  Further  deve¬ 
lopment  of  this  theory  and  it  application  to  wave  propagation 
problems  were  shown  An  (2). 

Define  IH'  ',H' '•']  as  the  set  of  linear  continuous  ope¬ 
rators  acting  in  the  pair  of  separable  Hilbert  spaces 

Let  K(X)  be  a  holomorphlc  compact -valued  operator- 

function,  Le[H^V\  be  an  Invertible  operator.  Let  all 

characteristic  values  of  the  operator-function  A(X)  be  normal 

points.  Let  {K^(X)>®  be  a  sequence  of  holomorphlc  compact¬ 
valued  operator-functions  converged  to  K(X)  uniformly  on  any 
compact  set  F  in  c.  Under  these  assumptions  the  following 
theorem  is  valid. 

THEOREM  1  on  convergence 

In  any  neighborhood  of  a  characteristic  value  X^  of  tlie 

operator-function  A(X),  beginning  with  some  number,  there  are 
so  many  characteristic  values  of  the  operator-function  A^(X) 

=  L  +  K^(X)  that  the  sum  of  their  degrees  equals  to  the  deg¬ 
ree  of  Xq.  In  terras  of  the  Rouche  theorem  it  can  be  written 
as  follows:  .  ^ 

VE>0  3NeiM  vn>N  :  M(A(X);5U^(X.))  =  M(A  (X);5U^(X^)) 

t  U  Tt'  C  U 
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Any  convergent  sequence  of  cMracterlstlc  values  of 
A  (X)  converges  to  a  characteristic  value  of  A(X). 
n  ' 

,  COROLLARY 

Let  operator-functions  A (A)  and  A^(A)  be  holoraorphlc  In 
an  area  G  and  satisfy  conditions  of  the  theorem  on  conver- 

^^^^^Then  any  convergent  sequence  of  characteristic  values  of 
operator-functions  A^(A)  converges  either  to  a  characteristic 

value  of  A (A)  or  to  a  point  on  the  boundary  of  G.  ' 

Let  there  exist  two  sequences  of  subspaces  iH' 


such  that 

new,  1=1,2; 

V£>0  vn>N^^^;  »x  -  P'^xn  <  £ 

dim  =  dim 

and  operator  I  be  continuously  invertible  in  pairs  of  spaces 
Here  are  orthogonal  projectors  of 

upon  Let  us  approximate  K(A)  with  K^(A)=P^^^K(A)P^^^. 


THEOREM  2 

The  sequence  {K^  (A) >  converges  to  K(A)  uniformly  on  any 
conpact  set  F  in  c. 

Thus  operator-functions  A^(A)  =  Ii+K^(A)  and  A  (A)  satisfy 

conditions  of  the  theorem  on  convergence.  To  calculate  chara¬ 
cteristic  values  of  A  (A)  one  should  choose  orthonormal  basic 

sets  {e^>“  and  {g.}”"ln  and  correspondingly,  and 

compare  the  determinant  of  the  matrix 

«<Le,  +  K(A)e.,  g.>ll.  " 

to  zero,  where  is  the  Inner  product  in 


§3.  Singular  Integral  equations 

It  Is  convenient  to  ?s?rlte  (1.1)  in  the  form 

[r+K(A)lu'=0,  (3.1) 


where  T  is  integral  operator  with  Cauchy  kernel,  and  opera¬ 
tors  L  and  K  (A)  act  in  the  pair  of  Hilbert  spaces 

(L°  ^[-1,11,  lJ"  -ir-1,11). 

t  tP  ^  f  P 


To  calculate  characteristic  values  we  can  use  Fourier, 
or  semi-invert Ing,  method.  Define  H^^^=Lln<T^ , . . . ,T^>,  H^^^= 


Lin<TlQ,...,Uj^_^>,  where  are  Tchehycheff 's  polynomials 

of  the  first  and  second  types.  Thus  we  are  to  compare  the 


356 


determinant  of  the  matrix  . 

.8.^.  +  <K(X)T.,  5:; 

to  zero.  This  method  possesseB  a  defect  of  computation  of 
double  integrals.  This  fact  essentially  Influences  on  the 
speed  of  calculation. 

The  method  of  discrete  singularities,  which  Is  represen¬ 
ted  below,  Is  free  of  this  defect.  It  consists  In  substitu¬ 
ting  orthogonal  projectors  with  interpolating  ones. Jackson’s 
theorems  supply  the  uniform  convergence  of  approximating 
operator-functions.  Using  this  method  V7e  arrive  at  the  system 


< 


”  u(x.) 

.1,  x.-x  , 

1=1  1  OJ 

n  " 


O) 


=  0  ,  j=TTrPr 

(3.2) 


y  u(z,)  =  0,  j=n 

i=i  ^ 


where  (x.)”  are  roots  of  the  polynomial  T^,  are 
roots  of  the  polynomial  TJ^_^ . 

Comparing  the  determinant  of  the  corresponding  matrix  to 
zero,  we  can  obtain  approximate  characteristic  values.  Nume¬ 
rical  experiments  have  shown  the  strong  convergence  of  this 
method. 
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Abstract 

la  this  paper,  plane  vave  scattering  by  a  loaded  rectangular  trough  has  been  ana- 
lyicd  using  is  the  Nomura  and  Katsuia’s  method,  which  can  be  applied  for  various  mixed 
boundary  problems.  This  method  is  based  on  the  characteristics  of  Webcr-Schafheitlin’s 
discontinuous  integral's  for  Bessel  functions.  It  is  found  that  our  calculated  Nadar  oross 
.  Section  (RCS)  results  coincide  with  those  obtained  by  other  method.  Numerical  calcu¬ 
lation  has  been  done  extensively,  and  RCS  values  for  loaded  trough  will  be  presented. 

1  Introduction 

Electromagnetic  wave  scattering  by  a  trough  on  the  ground  plane  has  been  analyzed  by  many 
aulhors[l-4].  This  is  due  to  the  fact  that  this  configuration  can  be  a  model  of  many  practical 
objects  such  as  a  crack,  a  pit  on  the  optical  disks  and  a  corrugation  for  antennas.  Plane  wave 
scattering  by  a  rectangular  empty'  trough  on  the  perfectly  conducting  ground  has  been  for¬ 
mulated  using  the  Wcber-Scha{heitlin*s  discontinuous  integra]s[5].  In  this  paper,  the  previous 
analysis  for  the  empty  trough  case  has  now  been  extended  for  the  trough  filled  by  material. 
Numerical  calculation  has  been  done  to  obtain  monostatic  radar  cross  section,  which  coincides 
with  the  result  derived  from  the  another  method[6].  Scattering  far  field  patterns  are  also 
calculated  here.  Time  harmonic  factor  e-^‘  is  assumed  here  and  suppressed  throughout  the 

context. 


2  Formulation 

AsiUustratedinFig.l.H-polarizedelectromagneticpIanewave: 

^'(= //])  =  exp[— COS0O -f  ysinflo)]  (^) 

impinges  on  the  aperture  of  a  perfectly  conducting  trough  of  with  2a,  and  depth  b.  ko{= 
denotes  free  space  wavenumber.  For  later  convenience,  the  total  field  for  the 
semi-infinite  heJf  space  (y  >  0),  may  be  considered  as 

—  d**  A"  4*^  dr  (2) 

where  is  the  reflected  plane  wave: 

47  =  cxp[— cos  Bo  —  y  sin  ^o)]i 
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(3) 


Observation  point  Plane  wave 


Figure  1:  Rectangular  trough  on  a  conducting  ground. 

and  4  is  the  scattering  contribution  due  to  the  existence  of  the  trough,  respectively.  This 
contribution  ^  may  be  written  as  a  spectral  integral  form: 

\lrr  w 

In  the  above  equation,  /(f)  and  5(f)  are  arbitrary  weighting  functions  and  Cartesian  coordinate 
(",  y)  irn»m^r.d  by  n  i  e.  .  i  on,  »=»»,«.  =  h.a,  and  h  =  l.n.  By  choosing  the  weighting 

functions  as  j  „  J2m+ii0 

m=0 


with  unknown  coefficients  a4„  and  the  integral  becomes  a  class  of  Weber-Schaffieitlin’s 
discontinuous  integrals.  Accordingly,  one  can  automatically  satisfy  the  boundary  condition  on 

^^^loratriighV^onT  one  can  expand  the  internal  field  by  waveguide  eigen  modes  as 
^(//)(^  HW)  =  f;  cos{^(l  -  (6) 

n=0  ^ 

with  the  modal  propagation  constant  with  respect^he  y[u]  direction 

F  are  the  modal  excitation  coefficients  to  be  determined,  where  k[~  is  wavenum  .e 

for  the  trough  region.  By  using  the  continuity  condition  of  the  tangential  field  components 
at  the  aperture  of  the  trough  (|il  <  a,  y  =  0),  one  can  determine  the  unknown 
Am,  Bm  and  F„.  Following  the  procedure  discussed  in  Rels.[8,9],  one  may  end  up  with  the 
simultaneous  equations: 

J  A„{G(2m,2g)  +  GA(2m,29)}  =  -2Jj,(Kocoseo),  C^) 


£  B„{G(2m  +  l,2g  +  1)  +  GA(2m+  l,2g+  1)}  =  2iJ2,+i(Kocosffo), 
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Figure  2:  Monostatic  RCS  calculation  from  a  rectangular  trough,  o  =  l.t)A,  6  =  0.5 A,  — 
— :{e,  =  2.5  +  i0.2,;v  =  1-8  +  tO.l);  -  -  -  -  -:(f,  =  1.0, =  1.0);  ■  •  •  •  :Ref.(6),  -  -  -  : 
:(e,  =  2.5+ i0.2,/ir  =  1-8  + 10.1,6=  1.0A). 

where  the  function  C?(p,  g)  is  given  by 

which  can  be  easily  computed  by  a  series  expansion  [7].  Function  C?iV(",  •)  *s  given  by 


CN{2m,2q)  = 
G7/{2m+l,2?  +  l)  =  - 


(1  +  ^oJ(»h2.a)(l  - 


(10) 

(11) 


where  %  is  the  Kronecker’s  delta. 

Introducing  the  cylindrical  coordinate  system  (/?,  6),  scattering  far  field  ^  may  be  obtained 
from  Eq.(4)  by  the  saddle  point  method,  assuming  koP>  1,  as 

^^=./I^e'{‘*'^'/*>f;{^«72«(*oacos9)-*R„J3„4i(l:oacos0)}.  (12) 

V  2«oP  m=0 


3  Numerical  Galculation  and  Discussions 


Using  the  above  derived  formulation,  numerical  calculations  have  been  done  extensively.  First, 
let  us  show  Some  numerical  calculation  of  monostatic  radar  cross  section,  which  may  be  defined 

(r(0)  =  lim  2xp|^(0  =  flo)P-  (1^) 
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Figure  3:  Scattering  far  field  pattern  by  a  rectangidar  trough. 
1.0, /i,  =  1.0,00  =  30’-,  —  —  :e,  =  2.5  +  i0.2,Ai,  =  1.8  +  jO.1,0o 
1.0,00  =  60*; - “  2.5  +  i0.2,/Xr  =  1.8  +  tO.l,0o  =  60’. 


a=l.L\,  b=1.6A.  — = 
=  30*;  —  -  — :e,  =  1.0,  p,  = 


Fig.2  shows  the  cases  for  2a  =  2.0A,  6  =  0.5A,  l.OA.  In  the  Figure,  we  also  include  a  result  by 
Fourier  spectral  domain  method  [6].  Good  agreement  can  be  seen  between  two  results  for  all 
incident  angle.  Radar  cross  section  seems  to  have  a  maximum  value  at  the  normal  incidence 
case.  Fig.3  shows  normalized  scattering  far  field  patterns  for  incidence  angle  0o  =  30*, 60*. 
Comparing  with  the  scattering  patterns  for  the  empty  trough,  it  seems  that  ones  for  a  loaded 
trough  are  reduced  for  almost  all  direction. 
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ABSTRACT 

A  non- traditional  method  Of  synthesis  of  metal  grating  angu¬ 
lar  and  frequency  band-pass  niters  based  on  the  analysis  of  spe¬ 
ctrum  of  complex  eigen  frequencies  of  resonators  forming  a  filter 
is  described-  Two  types  of  filters,  the  resonators  of  which  are 
formed  by  two  infinite  metallic  strip  periodic  gratings  in  H-  or 
E-plane,  are  considered.  It  was  shown  that  a  filters  of  the  first 
type  has  spurious  passbands  and  is  more  difficult  in 
manufacturing  and  suggestion  method  has  an  advantage  over 
traditional  approach  in  high- frequency  area. 

INTRODUCTION 

Dleleotrio  layers  filters  with  angle-selective  properties 
for  sidelobe  suppression  have  a  number  of  disadvantages  Including 
excessive  weight  and  cost,  dleleotrio  inhomogeneity,  polarization 
sensitivity  and  so  on  [.1,2 3.  The  obvious  remedy  for  some  of  this 
defioienoies  is  to  substitute  matalllo  grids  in  the  place  of  the 
dielectric  layers. 

This  paper  describes  the  spectral  synthesis,  strong  analysis 
and  theoretical  investigation  of  a  metal  strip  periodic  grating 
angular  (BPAP)  and  frequency  (BPEP)  band-pass  filters.  Two  types 
of  filters,  the  resonators  of  which  are  formed,  by  two  infinite 
strip  gratings  in  E-  or  E-plane  of  incident  wave,  are  considered 
(Pig. 1).  All  synthesis  and  analysis  algorithms  are  based  on 
rigorous  mathematical  models. 

1.  DIFFRACTION  AM)  SPECOTflAL  PROBIEMS. 

Pig.  1.,  shows  a  resonator  and  filter  structure  for  a  linearly 
polarized  incident  wave  and  the  resonator  equivalent  circuit. 
There. are  period  of  the  all  infinite  metallio  strip  grids  I, 
length  resonators  h  /I,  width  strips .d,  /Z  and  low  dieleotrio 
constant  spacer  material  e. Traditional ‘methods  of  the  filter  sin- 
thesis  are  founded  on  a  preliminary  design  of  low-frequency  fil¬ 
ters  taken  as  prototypes  13].  This  is  a  possibility  if  we  are  de¬ 
fining  the  propagation  constant  for  zero-order  Ploke-waves  as 
X  -  XooBp,  where  X  =  Z/X  (  X  is  wave  length  in  free  space).  -  But 
in  high  frequency  region  of  the  single-wave  range  this  approach 
have  mistakes. 

A  new  approach  to  the  synthesis  of  manufacturable  filters  is 
proposed  below.  Let  us  consider  filter's  section  in  Pig. I.a  as 
speoifio  open  resonator  having  free  eigenraodes  damped  in  time 
with  normalized  complex  eigenfrequenoles  T  =  Her  +  ilmt  =  x  ooB(p. 
The  spectral  problem  consists  in  a  search  of  those  values  of  the 
spectral  parameter  r  ,  at  which  the  nontrivial  solution  of  the 
homogeneous  boundary ‘value  problem  with  the  corresponding  bounda¬ 
ry  and  radiation  conditions  [43  exists.  The  dispersion  equation 
det{(I-RE)(I+RE))=0  was  obtained  by  the  moments  method.  There 
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R(T)  is  the  matrix  of  the  reflection  from  the  resonator  boundary. 
Dia/^onal  matrix  E(t)  desorlbas  the  attenuation  and  phase  aoouimi- 
lation  on  the  resonator  length  7i.  The  zero-order  Ploke-waves 
ooefflolents  In  the  violnity  of  r  in  the  single-wave  range- may  be 
represented  similarly  [4] 


ReT-ReT 


^  {  S®*(Rer)  =  e^^ 


-llmt 


KQl-Kei^  1JS  . 

s”(Ret)  =  i  sU(Rot)  =  i 

that  oorreBpondB  to  the  paea  olroult  with  the  resonant  frequen¬ 
cy  Ret. and  quality  factor  Q=-Rat  /(2Imt  ).  For  example  In  the 
E-polarization  case, this  expreesion  redusee  to  the'  following  form 


Rex-Rex^  •  ,  -ilmX, 

for  the  BynthesiB  In  the  frequencies  domain.  For  the  Bynthesis  in 
the  angle  domain  p  -  Rep  +  ilm?)  we  have 


S”  (Ref)  = 


ReCoosp)  -  iRe(ooBfi^) 
Re(OOB^)  -  0089 J 


S-(Rep) 


-ilm(ooBPj^) 


We  have  similar  expreesion  in  H-polarization  case,  also. 


2.  DIRECf  SfKTHESIS  ME3H0D. 


IChe  reference  planes  of  the  resonator  (see  Pig.I.a)  was 
selected  for  ar^**»  0.  Resonator  was  connected  with  two  regular 
sections  with  electrical  length  d  /2.  We  will  use’  new  variable  x 
=  (Ret-Ret  )/Rer  ,  where  Ret  is  tfie  parameter  value  on  the  cen¬ 
tral  frequSncy  (Sngle).  T!hen°w8  can  obtain 

S**  — oosrjj  S®*  ■e^'^isinn;  q  =n/2+2Qx;  tp  =n+d:  d  =dp(1+x)  (1) 

where  d  is  the  section  length  on  t  -Ret  .  d=n/2  for  filters  with 
quarter-wave  coupling  on  the  Rst..  Let  us  consider  rq_Bona tor  with 
load  with  refieotion  ooeffioient°K  on  frequency  Ret  .Taking  into 
account  of  1  in  the  vicinity  of  the  Ret  ,  we  can  obtain  from 
generalized  5-matrix  technique. 


gii  _  gii 

00  00 


-  K  (  . 

'  00  00  00  00' 


(2) 


At  the  first  stage,  as  \:iBually,  due  to  the  given  requirement 
on  the  filter  response  and  the  type  of  the  approximating  polyno¬ 
mial  (Chebyshev  or  Butterivort)  a  number  H  of  the  resonators  are 
determined  taking  into  account  the  fact  that  they  are  coupled  by 
quarter-wsve  sections  in  the  single-mode  range.  With  (2)  we  can 
obtain  the  refieotion  ooeffioient  for  any  number  of  resonators. 
For  example,  for  the  three-  resonator  filter  we  have 


I  =  2oosT)jOOs(Vj+f2)-oosnjj=  2x(Q^-2Qj)  +  8Qj(Q^+Q3+n/2)®x®. 


Trtiere  Q  =  Q  is  the  quality  factor  for  the  outside  resonators  Q 
is  the ^  quill ty  .factor  for  the  central  resonator.  Contrast  this 
expression  with  appiN)ximating  poljmomial  we  obtain  simple  set  of 
equations  for  quality  factors.  For  example,  for  the  fr.ee-resona- 
tor  filter  we  have 
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)  =  U(U  p 


g  l  1 1  /v-3  . 

^00'0.6‘'*0.B* 


0^=2Q^:  eQ^(Q^+Q^+n/2r=  p^.  (3) 

Kioi'e  Blgn  0.5  points  to  tho  i'aot  that  value  Is  doterminated 
under  condition  1/1  =  0.5.  Prooediu'e  o.t  vvrjonator'  cy-ntligoio  based 
on  the  given  freq^isiioy  end  Quality  iaotop  Q  reciuoes  as  a 
matter  oX  Xeot  to  a  eeorolroX  geornGtry  oX  the  r-aeonator  having 
the  eigonXreqnenoy  t  =  Re'c  -Ihcrc  /2Q  .  TJo  coneider  tho  dispersion 
equation,  mentioned  above, °as‘  a  eystor;i  of  two  non-linear  homoge¬ 
neous  equations 


RgC  det[  I  -  A(  ReT^.Imr*  hj.dj)]}  =0;  A  =  (RE)*.*  (4) 

Im{  det[  I  -  A(  Rer^.Imt^.hj ,d^ )])  =  0;  Irar*=-R9t^/2Qj;  1=1+N. 

solution  of  which  provides  the  unknom  values  d  and  7i  .In  oompu- 
tations,  the  values  of  the  d  ,h  wera  obtained  ‘from  ‘(4)  by  the 
Kev/ton  method  with  the  eoouraoy‘o.  1^.  After  them  one  can  detennl- 
ne  the  phase  of  the  r-efleotion  ooeffioient  from  each  resonator  by 
the  solution  of  the  diffraotion  problem  and  oaloulate  the  lengths 
of  the  regular  sections  between  resonators.  Further  on  while 
using  the  generalized  bSjnatrix  teolmique  by  known  S-ma trices  of 
separate  filter  sections  it  is  easy  to  restore  the  ohar-aoteris- 
tioB  of  the  whole  filter  with  K-inverters  [3]. 


3.NU1IERICA1  RESULTS  OF  TilS  EP/J*  AM)  BPW  SYOTHESIS. 


As  the  first  example  let  us  consider  2.5!S  Chebyshev  BPFP. 
Task  data  were  formulated  as  usually  [3]  and  marked  in  Pig. 2  by 
triangles.  As  the  results  of  use  of  the  above  desoribed  procedure 
a  three-resonator  filter  was. obtained.  OaloiHated  insertion  loss 
oharaoterlstioB  L  in  dB  of  the  synthesized  flit  el’s  are  plotted  in 
Pig. 2  by  the  solid  line  for  H-polarization  case  and  by  the  dashed 
line  for  E-polarization  orisa.  Cur^vea  praotioally  oolnside  in  all 
angle  range  and  there  era  results  for  p=0.  One  can  see  that  the 
obtained  oharaoteristfo  oorapletely  meets  the  initial  task. 
Diffraotion  loss  (ripple  level)  in  paseband  is  0.2  dB.  In 
computations  five  evanescent  waves  between  each  pairs  of  the  gra¬ 
tings  were  taken  Into  aoooimt.P.Gsoiiator  lengths  are  h  =h  =  13.22 
cim,  h  =  12.62  mm  for  H-polarization  and  h^=h  =  11.34  m,  h  - 

1.99  mm  for  E-polarization  (  period  of  the  111  strip  grids  ®I= 
ICteim).  Width  strips  are  d  =  d  =0.489iiiia,  d  =d  -0.02 Siam  for  E-pola¬ 
rization  and  d  =d  -6,035^,4,  d*=d  =2. 88nim  for^  E-polarization.  As 
it  is  evident  f2?oa  tne  foregoing  filter  Is  more  raanufaoturable  in 
E-oaee.  In  this  example  we  used  low  dleleotrio  constant  spacer 
material  with  e=1.03. 


Insertion  loss  oharaoterlstioB  for  three-resonator  BPAP  are 
plotted  in  Pig. 3  by  the  solid  line  for  H-polarizatlon  ease  and  by 
the  dashed  line  for  E-polarlzation  case.'  Task  data  are  marked  by 
triangle.  Angular  filters  were  designed  with  Chebyshev  oharaote- 
rietios  on  frequency  /=12.15  GHz.  The  cm'ves  syviimGtplo  about  ®=0. 
One  can  see  that  input  task  was  completely  fulfilled  and  inserti¬ 
on  loss  in  the  passband  did  not  exeed  0.2  dB,  but  filter  in  B- 
polarization  case  have  epuidous  stopbands  in  vicinity  f)=80“. 

Last  example  is  plotted  in  Pig. 4  end  oonform  to  xoob|!=0.93. 
The  dashed  line  oorreeponds  to  tr-aditional  approach  [3],  the  solid 
line  oorreeponds  to  suggested  method. As  it  is  seen  from  figure  in 
the  first  case  we  have  inaccuracy  results. 
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Pig. 1. Geometry  of  filters 


Pig.2.0ha3?aoteriBtics  of •  the 
frequency-depending  filters. 


^-i2A5mA\ 


ir\ 
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Pig.3.Cha3?aoteriBtios  of  the  Pig. 4  Pilters  on  xoosf>-0.93. 
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ABSTRACTS 

To  solve  the  time-domain  electrodynamic  problems  the  advanced  frequency- 
domain  methods  in  combination  with  the  inverse  Fourier  transform  are  widely  used. 
But  obvious  advantages  of  this  approach  often  prove  to  be  lost  because  of  low 
effectiveness  of  numerical  realization.  The  effective,  method  that  allows  to  increase  the 
velocity  of  computational  algorithms  has  been  suggested. 

1.  INTRODUCTION 

Let  it  is  necessary  to  find  the  response  of  an  electrodynamic  system  to  a  pulse 
waveform  excitation.  Consider  here  that  the  exciting  pulse  has  a  finite  duration  and  it 
belongs  to  the  class  of  absolutely  integrated  signals. 

Frequency-domain  waveform  response  is  to  be  found  as  the  discrete  function 
F,(o.)=Gr((opH(o)3)  ,  <»e[0,coj,  (1) 

where  both  for  discrete  and  continuous  functions  the  following  conditions  are  met: 
8f^G,{co),  f,(t)<->F^(©),  h(t)<->H(o));  f,(t)  is  the  waveform  response  of  electrodynamic 
system  being  considered;  g,^(t)  is  the  external  waveform  excitation;  h(t)  is  the  Dirak 
response  of  eiectrodynamic  system;  0^  is  an  effective  spectrum  width. 

Number  and  limits  of  location  of  discrete  samples  whose  values  are  nKessary  to 
know  for  unambiguous  restoration  of  the  waveform  response  in  the  time  domain  by 
samples  series  are  defined  by  value  of  TBWP  (time-bandwidth  product;  v=T,c0b, 
where  T,  is  an  external  action  duration).  The  value  v  defines  all  sapling  parameters. 

2.  GENERAL  IDEA 

The  general  idea  of  the  considering  approach  consists  in  a  following.  At  the  first 
stage  we  will  find  response  to  a  some  trial  excitation  g„(t): 

F|r(“i)=G„(0)j)H((D3);  g.,(tk) 'H.G^((0j),  f„(tk)oF>j),  tk  =  kAt  (2) 

where  the  time  shape  of  the  trial  excitation  g^(t)  is  picked  out  so  that  value  of  v 
realizes  smaller  value  comparing  to  the  case  of  real  waveform  excitation.  Therefore, 
we  decrease  the  number  of  fixed  frequencies  that  require  calculation  of  the  function 
H(co).  Each  from  the  values  of  H(©)  is  found  in  the  majority  of  cases  from  solution  of 
linear  algebraic  equations  sets.  That  is  why  much  the  time  is  spent  for  calculation  of 
discrete  values  of  H(co),  but  not  for  inverse  Fourier  Transform.  As  a  result, 
decreasing  of  TBWP  value  gives  considerable  decreasing  of  a  calculation  time. 
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One  of  the  advantages  of  this  approach  is  a  smaller  number  of  samples  which  is 
necessary  in  comparison  v/ith  a  number  of  samples  required  for  transient  response 
calculation.  Other  advantage  of  the  method  of  trial  pulse  response  is  a  possibility  of  a 
priori  estimation  of  sampling  parameters  which  is  the  necessary  condition  for  correct 
realization  of  sampling  procedure  [1].  Such  an  estimation  is  not  possible  in  the  case  of 
the  use  of  Dirak-response  method. 

3.  WAVEFORM  RESPONSE  RESTORATION 

The  transition  to  the  time  domain  is  carried  out  by  FFT  algorithms  when  all 
samples  F^(cop  were  found.  As  a  result,  we  have  discrete  function  f^(kAt)  in  the  time 
domain.  This  function  represents  the  discrete  function  of  trial  pulse  response.  The  trial 
pulse  response  as  continuous  function  of  time  is  unambiguously  restored  by  samples 
series 

u(t)=  u(t)=f^(t)oF.,(o).  U=kAt,  (3) 

k=-N/2  COfc(t-tk)  , 

where  E(t)  is  an  error  caused  by  the  reduction  of  the  infinite  spectrum  of  the  trial 
pulse  excitation  to  the  finite  one;  this  error  can  be  estimated  using  the  known  methods 
[2].  As  it  follows  from  the  eqns.  (1,2) 

Fr(to)  =  Fu(co)^^  .  (4) 

G»(a) 

Thus,  we  have  the  inverse  Fourier  Transform  for  the  relationship  between  spectral 
densities  of  the  real  external  action  and  of  the  trial  action  which  can  be  (ietermined 
analytically  as  a  continuous  time  function  in  a  case  of  special  form  of  functions  that 
describe  real  and  trial  actions.  Then  the  real  waveform  time-domain  response  can  be 
restored  as  the  following  convolution 

w(t)  =  u(t)  0  v(t)  ,  (5) 

where  v(t)  =  ^  /  •%y^e‘®de  . 

27tlGlr(0)) 

Here  . 

gi(t)  ^  Gi(a);  g,(t)  o  Gp(o);  p  =  r,tr;  g^d)  =  g;(t)  if  0<t  < T.  and  gp(t)  =  0  if 
t^T,  ort^O. 

4.  CHOICE  OF  TRIAL  PULSE  PARAMETERS 

A  choice  of  the  time  shape  of  the  trial  pulse  excitation  is  necessary  to  perform 
taking  into  account  physical  peculiarities  of  concrete  class  of  electrodynamic 
problems.  There  are  two  alternative  ways  which  allow  to  decrease  TBWP  value.  First 
of  them  consists  in  decreasing  of  the  trial  excitation  duration  comparing  to  the  real 
excitation  duration.  Other  way  is  concerned  with  decreasing  of  an  efficient  frequency 
bandwidth  of  trial  action  in  comparison  with  the  bandwidth  of  real  action.  First  way  is 
a  more  universal,  because  it  takes  into  account  the  contribution  of  wide  frequency 
bandwidth.  This  allows  to  attribute  this  way'  to  the  methods  of  broadband  analysis. 
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Second  way  is  oriented  to  the  analysis  of  the  electromagnetic  waves  interactk®  with 
strongly  resonancing  structures.  It  attributes  to  the  methods  of  narrowband  analysis. 

In  a  common  case  the  trial  pulse  excitation  g^(t)  should  satisfy  the  following 
requirements.  The  effective  width  of  the  trial  action  spectrum  is  not  to  be  narrower 
than  the  width  of  the  real  action  spectrum;  the  relationship  between  spectral  densities 
of  real  and  trial  signals  should  be  met  the  theorem  about  the  convolution  [3]  and  could 
be  determined  analytically  (we  can  assume  also  that  the  external  action  is  prescribed 
analytically).  Thus  the  time  domain  parameters  of  the  trial  action  are  chosen 
depending  on  that  of  the  real  action. 

For  example  let  us  consider  the  use  of  trial  excitation  having  shorter  pulse 
duration  in  comparison  with  the  real  one.  Let  it  be  given  as 

g^(0  =  e"“-e’^,  a«(3. 

The  trial  excitation  has  an  analogous  structure 

g^(t)  =  e‘’‘-e'‘‘,  y<5,  and  besides  y<3<5. 

In  this  case  the  integral  (5)  can  be  calculated  analytically  and  gives 
v(t)  =  Ae-“-Be-^, 

when:  B  = 

y-5  y-5 

It  is  not  difficult  to  satisfy  oneself  that  J  I  v(t)  ( dt<oQ  Hence,  if  the  function  u(t)  is 


uniformly  continuous  and  J  |u(t)|dt<QO  then  in  coincidence  with  [3] 

—CD 

U(t)0V(t)OF„(O3)-%^  . 

Gu-(o) 

The  simplified  approach  presupposes  the  replacement  of  the  samples  series  by  a 
sum  of  piece-constant  functions,  so  that  u{t)  =  f„(ti),t  G[kAt,(k  +  l)At].  In  this 
case  is  not  difficult  to  obtain  the  approximate  solutions  as  the  series 

'  w{t)  =  J  Ut)[A  -  Be-P<-"ndt  =  I  f„(u)  J  (A  e""  -  Be-*")dt , 

O  k=0  n 

i=Int(t/At),  tj*i  =  t. 

Let  us  note  that  terms  number  don’t  outnumber  the  half  of  a  number  of  samples 
using  for  the  restoration  of  the  trial  pulse  response. 

In  order  to  exclude  an  influence  of  an  error  caused  by  transition  to  the  finite 
spectrum  and  the  error  caused  by  the  avoidance  of  finite  duration  of  the  real  and  trial 
pulses  in  the  formula  (5)  it  is  necessary  to  compare  results  of  restoration  of  the 
function  w(t)  in  the  time  domain  through  the  changing  limits  of  trial  excitation 
Besides,  it  is  necessary  to  provide  the  validity  of  the  following  relationship 

max  j  a(t)  I  =  je,(T)v(t  -  T)dT<  i  £2(0  j , 
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where  e2(t)  is  an  error  of  restoration  of  the  function  fj(t)  by  samples  of  F,(£o); 
module  Icjft)!  can  be  estimated  on  the  basis  of  the  methods  given  by  Gelman  etc.  [2], 

5.  FIELD  OF  APPLICATION 

The  field  of  application  of  the  approach  advanced  in  this  paper  refers  mainly  to  the 
problems  on  scattering  of  pulse  electromagnetic  fields  having  specific  time  shape  on 
both  the  strongly  resonant  and  feebly  resonant  structures.  This  approach  effectively 
applies  to  the  cases  when  exciting  action  is  given  by  superposition  of  smooth 
analytical  functions,  especially  if  the  derivatives  of  external  excitation  varies 
significantly  at  the  adjacent  time  intervals.  For  example,  the  problems  of  scattering  of 
the  fast  transiting  LEMPs  [4]  (T(«T„  where  T^  and  T,  are  pulse  front  duration  and 
pulse  duration,  accordingly)  belong  to  this  class  of  the  problems.  This  approach  can 
be  used  also  in  the  case  of  strongly  oscillating  excitations  having  T„«fr,  (where  T^, 
is  a  peculiar  time  scale  of  oscillations). 

The  limitation  of  the  method  application  is  connected  with  the  peculiarities  of 
EMP  scattering  in  case  of  interaction  with  slow-wave  structures,  when  the  significant 
increase  of  waveform  response  duration  in  comparison  with  the  external  action  is 
possible.  In  this  case  the  preliminary  diagnostics  of  transfer  function  and  of  external 
action  in  the  frequency  domain  are  necessary  to  provide. 

6.  CONCLUSIONS 

Thus,  the  possibilities  of  numerical  simulation  of  nonstationary  electrodynamic 
problems  can  be  expanded  essentially  using  the  trial  pulse  excitation  that  provides  a 
decreasing  of  TBWP  value. 

A  methodology  of  the  choice  of  the  trial  pulse  parameters  is  stipulated  by  specific 
peculiarities  of  concrete  class  of  electrodynamic  problems,  but  it  is  not  at  all  limited 
by  considered  cases.  Decreasing  of  TBWP  value  is  not  a  far  off  single  criteria  of  the 
choice  of  trial  pulse  parameters. 

The  approach  advanced  in  this  paper  can  be  interpreted  as  the  generalized  method 
of  transient  response  based  on  the  use  of  exciting  action  given  by  analytical  function 
having  special  time  shape. 
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Modes  of  double  core  vp&>sl  fibres  a?!?,  by  nmng  tbe  rcsi^ils  of  a  new  i^roxIsKdc  ^Fiyisoid 

modi!  theory  of  oot^led  ^i^lcal  dklsc^iic^  wgr\^^jldes.  whioh  Ib  foi^Bded  on  tl^  s!dfl'fornmi£  method. 

Intreducdon 

The  shift^bnoula  iocthods  (I)  proved  to  be  very  cfTective  for  examinetion  of  nonordmasy  optical  fibres, 
in  psrtiomar  for  cakulstlon  of  mo^  psTEmeters  end  fields  of  fibres  with  double  cores  (2-4).  Beostiss  the 
doul^  core  fibre  modac  can  be  conndered  as  modes  of  coupled  optical  dkbctsic  wsveguide*  in  (3,4)  by  the 
^ufl*fanx»2lA  a  -  zocthod,  provided  the  partial  mo^  of  individual  waveguide  ere  hnown,  the  epprozimate 
analytical  expressions  for  modal  propagation  constants  and  modal  fields  of  coup^  noa-iackntkjaJ  wsv^uidss 
are  obtained.  These  are  so  named  quasi  even  Eid  quasi  add  modes.  It  is  shown  (4,5)  by  oompsiison  with  the 
asact  results  for  planar  coupled  waveguides,  that  the  obtained  epproxixa&te  exprecsioai  have 

sidlkasnUy  high  aoooiacy. 

1a  tho  presttitad  pi^er  soeob  modal  parameter  dap^sidencies  on  frequency  (di^sereicn  dependencies},  on 
oore  parameters  and  on  the  distance  between  the  cores  of  double  core  fibres  with  noa-mdcntioal  dlrcuiar  cores 
are  gfvan  .  The  rasoits  are  obtamed  by  using  the  theory  ,  represented  in  (3,4).  Sojne  results  are  con^arud  with 
Aumcsioal  ones,  wbisAi  are  got  by  numciioiil  realization  of  the  shil^^formula  ci  (2#b). 

RmuRb 

The  propagatiosi  oonsiaats  of  the  quasi  even  (4-)  and  quasi  odd  (-)  modes  can  be  represented  as 
y^=A3%(l+At2B^  )  irfusTB  ii  Iho  drcnlar  fhMjuenqr,  C  u  tha  vdodty  of  light, 

A,^  andu  are  the  refractive  indexes  of  the  cores  and  daddtng,  are  the  phase 

parametert,  which  d^Msnd  on  the  core  (w&veguide:>)  parameter  the  distance 

parameter  p  =  (i^  and  the  asymmeliy  parameter  {y^  where  are  radius  of 

the  cores,  if  is  the  distance  between  the  core  axes. 

In  Fig  1.  the  phase  modal  parameter  dcpcndcnocs  on  the  waveguides  parameter  V  —  (  for 

/^  =  =/?,  A|  =  Aj  =  A)  are  gfvm  for  dHIcrent  values  of  the  distRSoed  parameter  p-2Rjd  .The  light 

curves  are  for  t#  =  2/?,  ie.  the  cores  towA  one  another.  The  dots  cad  brohea  cures  are  used  for  exact  results 
obtaisMd  by  the  shifl'^bfmiila  (2,5).  The  phase  modal  parameter  dqxmdences  on  the 

dtstancepanuneterCrori^  =  J^)  and  on  the  asymmctiy  pcrEaictcr  (for  Aj  =  A^)  are  givea  in  Rg  2.  and  Fig  3. 
The  dots  show  exac4.nimaaicai  resnhs . 

The  rescandSi  described  in  this  publication  was  made  possible  in  part  by  Grant  MMBDOO  from  the 
Intenutional  S<aenDC  FotoidfittoA. 
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ABSTRACT 

The  i»*obleffl  of  field  forisation  of  guided  nsodes  in  lnhoE»geneous 
anisotropic  dielectric  optical  fibres  is  under  investigation.  The 
goal  of  the  work  is  to  clarify  the  physical  sense  of  nondiagcmal 
components  of  the  transverse  tensor  of  permittivity  and  to  find 
the  gualitative  regularitties  connecting  the  functions  of  tensor 
nondiagonal  cojrponents  with  the  paraireters  and  field  distrilHJtions 
of  guided  modes. 

‘  INTRDUCTION 

Modes  of  optical  fibres  with  p^tlally  homogeneous  and 
inhoRDgeneous  anisotropic  cores  are  examined  by  the  shift-  formula 
method  Cl,  2).  Particular  case  of  fibres  with  local  diagonal 
tensor  permittivity  of  core  is  considered  C3,  4).  In  present  ^per 
the  dispersion  ana  polarization  modal  properties  of  this  kind  of 
fibres  are  analyzed.  An  attenpt  was  made  to  distinct  clearly  the 
influence  each  of  coEponsnt  of  permittivity  tensor  on  polarization 
properties  of  fibres.  Eiectrojsagnstic  field  distribution  figures 
are  presented. 

1.  CONCEPTION  OF  IjOCAL-DIAOOHAL  PER14ITTIVITY  TE^ 


Let  the  tensor  nondiagonal  componCTits  be  c^^^onst.  It 

is  possible  to  show  that  for  such  a  medium  there  exists  a  system 
of  coordinates,  we  shall  designate  it  x,  v  ,  in  v^ich  the  tensor 
will  be  diagonal,  at  the  same  tiE^,  axes  x,  v  will  be  rotated 
relative  to  axes  x,  y  by  soe©  angle 

;  .  \  V  1  ^  f  ^  M  . 


t  y  j 
=  (e„  +c„  +  t  (c. 


Cp  =  -Cy  j  - 

tg  (  2^  y  =  2  Cjjy/CCjj -€y  ) 

We  introduce  for  such  a  medium  the  notion  of  a  local  diagonal 


D*+C2c._J*  l'^)/2 


tensor  of  permittivity.  Let  the  parameters  of  the  c^ium  change 
sufficiently  gradually  with  the  variation  of  the  coordinates,  and 

let  the  medium  (structure)  be  characterized  by  tensor  c  = 

Then  it  is  p>ossible  to  introduce  a  local -diagonal  piermittivity 
tensor  with  conponents  at  any  points  of  this  i^ium. 

Such  conception  allows  to  predict  properties  of  waveguides' 
taking  as  a  basis  the  simple  models. 
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2,  RESULTS 

In  >fodel  1  the  core  of  the  anisotropic  fibre  consists  as  if 
of  tvo  concentric  layers,  inner  and  outer,  and  both  the  layers  are 
nr  pmial  thickness  The  profiles  of  the  psrEiittivity  tensor 
SLi^nts  ^e  sS  in  Fig:ia.  The  clading  is  taken  to  be  unifora 
andisotropic,  its  permClivity  beinfl  and  its  inner  radius 

p  *  R.  As  Illustrated  in  figure,  diagonal  cospOTients  c^.e^  are 

constants  along  the  whole  xf  the  cross-^Km. 
c(s?x>nents  t  -c  have  a  drc^  and  c^iange  of  sign  at  a  radius  of 

o  *  R/2,  and*\hllr  absolute  values  are  t^  saEO  in  the  inner 
outer  layers.  ^!>del  2  which  is  given  in  Fig.  lb  h^  a  considerable 
difference,  in  spite  of  its  outer  sinilarlty.  Tl^  cx)re  prop^_of 
c  ,e  >  c  is  IlBiled  by  the  clrcusf^ence  of  a  p=R/2  radius,  while 

in  The  “outer  circular  layer  of  R/2  <p<  R  and  in  the  xladini 
e  =e  Nondiagcffial  co^x)nents  have  the  sai^  values  as  in  Model  1 

ife.^  \c  |=Cc  -c  Besides  this,  Cc^-£,)/Cc  -c^D=2  in  the  core. 

The  cho^n  viue  is  sufficienUy  great  to  illustrate  vividly  the 
properties  typical  of  inhosc^en^us  ^isotropic  fiber  wav^uides. 

hki^rical  calculations  of  Kir* 

propaQatlon  paras^ters  were  executed  the  .shift-for^a  ^t^. 
^^^the  dis^rsicvi  curve  of  fundamental  ^xles  are  shown  in  Fig.  3, 

where  is  phase  par aEster,  V=id?(e-c^)*is  noriaa- 

lized  friqueney.“e=CCj+cO/2,  r  is  the  propagation  constant, A=»/c, 

0  is  circular  frequency^  c  is  the  vQlosity  of 
Cf),CBD...CE3  on  the  dispersion  curves  correspond  to  EOde  field 

distribut^OT^^n  ng^v^  the  double  degeneration  of  the  IPqj 

fundamental  modes.  Let  the  node  with  the  b^.^oragation 
conditicxis  be  denoted  LP^^,  and  the  other,  which  has  the 

perpendicular  polarizati onto  the  first  one  Cat  low  V3,  LPqj  .  The 

dispersion  curve  of  LP^j^  Kxle  goes  below  that  of  the  LP^^  node, 

as^oUcafly  IS^abJe  B  'Al.  .^ver , 

changes  in  such  a  way  that  the  ptese  prasseters  ,Rf 
constants  of  both  these  Kxies  tend  to  becose  equal  with  v  grows. 
CScc  3 Iso  FiQ«  4  S.  D 

Let  us  consider  polarizaticxi  of  the  fundas^npl  srodp  at  V-*0. 
Under  such  conditions  the  fundai^tai  mpes  are  aipst  plane  wayp 
which  propagate  in  the  limitless  clading  and  are  slightly 
perturbed  by  the  core  of  the  waveguide.  Calculations  show  tri^it  the 
direction  of  polarization  of  the  LP^'  principal  mode  « 

angle  of  approxiEiatGly  11®  with  the  X  axis  for  ^eb  1  and  ^  for 
Mc«el  2.  LPoi'  polarized  orthogonally  to  the  first  one. 

S@o  FiQ»  2« 

A** siaple  physical  explanatic«i  of  these  results  can  be 
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Model  1  . 


Model  2 


Fig.l.  CofTsponents  of  the  permittivity  tensor 


Fig. 3  Dispersion  curves  of  fund emantal  modes 


5 


proposed.  Considering  that  at  V  ->  0  th3  fundarrsntal  sicdo  is  almost  ' 
a  piano  x'ave,  let  us  taka  the  field  Eirplituda  Cor  the  power 
density)  to  be  equal  along  the  of  tha  core  cross-section. 

Because  the  area  of  the  inner  layer  is  three  tims  ssalier  than 
that  of  the  outer  one  Cat  the  radial  ratio  is  equal  1/2),  its 
povjer  of  the  field  should  be  throe  tlcos  less.  If  we  formally 
average  direct ins  Tj.Tj  with  the  welhts  equal  to  the  ratio  of  the 

powers,  wlch  propagate  in  the  inner  and  outer  circular  layers  of 
the  core,  we  shall  receive  the  values  that  accurately  agree  with 
the  calculations  given  above.  ...  . 

Let  us  consider  the  dinsralcs  of  the  change  of  polarization  of 
the  LP^',  LPjjj'  modes  vers  nor  call  zed  frequency  V.  When  V  is 

increasing,  the  uniform  polarization  of  these  Ecdes  Is  disturbed. 
In  the  limiting  case  of  great  V  values,  the  field  in  the  waveguide 
core  tends  "to  oriented"  in  the  direction  of  axis  x  of  the 
locally  diagonal  system  of  coordinates  at  each  point.  The  said 
regularities  are  illustrated  in  Fig. 4,5  where  the  distributions  of 
the  LPjj' ,  tPoi^  modes  in  the  v/a^^eguida  cross-section  at  various  V 

values  are  presented.  The  size  of  the  arrows  corresponds  to  the 
relative  a^litude  of  the  field  at  tha  points  of  arrow  origin. 

The  LPqi.  mode  CFig.  4.)  is  less  affected  by  the  change  of 

freguency,  because  its  polarization  from  the  very  beginning  Cat 
V-OJ  was  generally  oriented  towards  x,  that  cannot  be  said  about 
the  polarization  of  the  mode,  that  was  mainly  criented 

towards  p  Cat  V  •♦  0).  Consequently,  at  Y  -►  a  .  its  polarizatiOT  is 

rotated  approximately  by  90®  and  tends  to  be  of  the  same 
crientation  as  that  of  the  LP^^  isDde.  This  Is  vividly  illustrated 

by  Model  2  Csee  Fig.  5). At  such  a  big  V  values,  the  field  of  the 
fundamental  node  stops  to  be  lixe  that  of  the  LPq^'  mode  and 

starts  to  remind  that  of  the  hi  ger -order  LP^j'  mode. 

The  research  described  in  this  publication  was  made  possible 
in  part  by  Grant  JC.!EKXX)  from  the  International  Science  Foundation. 
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ABSTRACT 

This  report  deals  i?ith  the  stndy  of  the  theoretical  methods  of  analysis  of 
nonlinear  antenna  effects.  The  main  attention  is  given  to  the  methods  based  on  a 
state  variables  conception.  Solution  of  state  equations  (SE)  of  antennas  with 
nonlinear  eleaeats  (ME)  is  the  key  point  in  this  approach.  Kraerical  n^thods  of 
SE  solution  in  tiae  and  frequency  domains  are  analyzed  as  well  as  a  structural- 
matrix  analytical  method  of  solution  of  this  kind  equations  is  eonsidered. 

Advantages  and  disadvantages  of  the  AJIE  analysis  different  methods  are  in¬ 
dicated  as  veil  as  expedient  areas  of  application  of  each  of  them.  The  report  is 
mainly  based  on  the  results  obtained  by  the  authors. 

IITRODOCTIOII 

Research  cm  the  nonlinear  effects  in  antennas  (KEA)  is  one  of  the  new 
trends  in  mcdeni  theory  of  antenaas.  The  rise  and  development  of  this  trend  is 
connected  firstly  with  a  broad  introduction  into  practice  of  antennas  with  non¬ 
linear  el etaents  (antenna-mixers,  rectennas,  frequency  multiplication  antennas 
etc. )  to  solve  a  number  of  urgent  probleiss  and  secondly  with  the  fact  that  the 
REA  can  cause  essential  complication  of  the  problem  of  electromagnetic  compati¬ 
bility  (ffiC).  Both  nonlinear  elements  (HE)  specially  built  into  an  antenna  and 
parasitic  nonlinearities  caused  either  by  the  antenna  design  (for  example,  oxide 
films  of  reflector  antennas)  or  by  the  adverse  EK)de  of  operation  of  its  active 
elements  (for  exaisple  in  active  phase  antenna  arrays  -  APAA)  can  give  rise  to 
the  KEA.  Regardless  of  nonlinearity  the  nature  its  availability  in  any  device 
is  manifested  in  the  appearance  of  new  spectral  co^sponents  in  the  antenna  res¬ 
ponse  and  depending  on  its  parasr^sters  and  the  input  action  nature.  Appearance  of 
new  spectral  components  in  some  cases  is  useful,  as  it  is  the  basis  for  functio¬ 
ning  of  the  new  antenna  types  mentioned  above.  It  is  also  used  in  nonlinear  ra¬ 
dio  location  systeiis  where  the  signal  of  the  haosonic  frequency  of  the  basic 
frequency  is  used  as  the  infooaatioa  signal  in  the  object  location.  Along  with 
this,  appearance  of  new  spectral  components  is  often  not  wanted^  it  makes  the 
EMC  problem  more  complicated.  This  concerns  both  radiation  on  the  hanaonic  fre¬ 
quencies  of  the  basic  frequency  and  radiation  at  combination  frequencies. 

The  fact  of  antenna  characteristics  dependence  on  the  nature  of  the  input 
action  is  also  essentially  important  in  case  when  the  antenna  contains  the  KEs. 
In  cases  when  the  EEA  are  useful  this  condition  stipulates  the  necessity  to  cal¬ 
culate  external  antenna  parameters  under  different  levels  of  the  input  action. 
In  addition,  in  sc^  cases  it  requires  ’^fitting’*  of  the  antenna  operation  mode 
taking  into  account  the  external  conditions  for  the  sake  optiroiiation  of  its 
output  characteristics.  The  dependence  of  the  antenna  characteristics  on  the  le¬ 
vel  of  input  action  can  also  manifest  in  deterioration  of  its  patanffiters  on  the 
basic  frequency.  Thus  if  limitation  of  the  signal,  amplitudes  takes  place  in  the 
assplifieres  of  receiving  APAA  this  causes  main  lobe  broadening  of  the  radiation 
pattern  (RP)  and  increase  in  side  lobes  level. 

It  is  necessary  to  emphesire  that  the  degree  and  peculiarities  of  manifes¬ 
tation  of  both  useful  and  adverse  REA  depends  on  specific  design  of  the  antenna, 
interconnection  between  its  elements,  the  place  where  the  KEs  are  connected,  the 
nature  of  input  action  etc.  This  equally  concerns  both  the  cases  when  REA  are 
given  rise  to  cither  by  special  REs  in  an  antenna  or  by  parasitic  nonlinearities 
in  it.  That  is  why  both  indicated  types  of  devices  should  be  considered  as  a 
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single  elsss,  that  is  the  class  of  antennas  with  nonlinear  elessents  (ARE). 

1.  General  characteristic  of  the  ARE  theoretical  analysis  pethods.  As  it 

follows  fraa  the  stsntioned  above  the  correct  analysis  of  MS  needs  ccss^les  ap¬ 
proach  that  requires  taking  into  account  characteristics  and  paraaeters  of  ^1 
the  eleaents  included  into  the  ME  as  well  as  its  eicitatioa  condition.  The 
objective  on  the  analysis  is  to  determine  spectral  cosposition  of  a  ARE  response 
depending  on  the  nature  of  an  input  action.  The  ME  response  is  characterised  by 
the  output  parameters  vector,  the  vector  ccfsponents  must  be  the  values  that  des¬ 
cribe  coupling  of  the  antenna  with  external  space  and  a  load  or  the  generators 
(for  receiving  or  transmitting  ARE  respectively).  Two  approaches  can  be  arbitra¬ 
ry  chosen  to  solve  this  problem:  the  structural  approach  and  an  approach  on  the 
state  variables  basis.  . 

With  the  structural  approach  the  antenna  is  presaated  as  the  input  action 
transducer  into  a  response  and  it_^is  described  by  some  operator  F  that  converts 
the  vector  of  the  input  action  x(r,t )>  into  the  output  paraiseters  vector 

y{r.t)>=r{x(r.t)>,t).  (1) 

The  structural  approach  corresponds  directly  to  the  initial  statement  of  _^be 
problem,  that  is  determination  of  the  response  by  the  known  action.  The  possibi¬ 
lity  to  \ise  it,  is  essentially  restricted  by  the  fact  that  with  this  approach 
the  knowledge  of  analytical  presentation  of  an  f  operator  is  necessary.  This 
presentation  is  true  on  a  definite  set  of  input  actions  of  the  analyzed  ME.  As 
a  rule  it  results  in  necessity  to  rake  soase  assisptions  idealixations  in  des¬ 
cription  of  some  units  and  elements  of  an  antenna  while  constructing  ^  (for 
ezai^ple,  neglecting  coupling  between  radiators  APAA).  Because  of  this  the  re¬ 
sults  obtained  on  the  basis  of  the  structural  approach  can  be  useful  coniaonly 
only  to  estimate  roughly  parameters  and  characteristics  of  a  ARE. 

At  present  an  approach  on  the  basis  of  state  variables  is  the  main  ap¬ 
proach.  used  to  analyte  ARE.  In  this  case  the  device  is  described  by  the  system 
of  equations  in  respect  to  a  vector  of  state  variables  u(r,t)>  and  a  vector  of 
input  actions  x{r,t)> 

^{u(r,t)>.x(r,t)>,t}=0  (2) 

and  a  set  of  functional  relations  that  connect  the  vectors  u(r,t)>  and  x(r,t)> 
with  the  vector,  of  output  parameters 

y(?,t)>=y{u(r,t)>,x(r,t)>,t}.  (3) 

The  relations  (2)  are  called  state  equations  and  the  relations  (3)  are  known  as 
output  equations. 

The  form  of  state  equations  depends  on  a  choice  of  state  variables.  The 
form  of  the  output  equations  is  dependable  on  what  type  of  AHE  is  considered  and 
which  parameters  or  characteristics  of  the  analyzed  antenna  are  chosen  as  coEqio- 
nents  of  the  output  parameters  vector. 

Formation  of  two  approaches  to  analyze  AKS  -  the  structural  and  the  state 
variables  ones  -  is  a  matter  of  convention.  It  is  clear  from  the  ^example  when 
the  SE  can  be  solved  explicitly.  Then  it  is  possible  to  express  u(r,t)>  as 

u(^,t)>=I.*{x(r.t)>.t)  '  (4) 

for  some  set  of  vectors  x(r,t)>.  Row  to  obtain  a  structural  model  of  MS  of  a 
form  (1)  it' is  enough  to  substitute  (4)  into  (3).  Such  a  method  is  often  used  to 
form  structural  models. 

In  the  process  of  analysis  of  REA  by  means  of  the  state  variables  the  SE 
solution  is  the  most  labor  stage  that  determines  the  efficiency  of  all  the  met¬ 
hodology  as  a  whole.  The  methods  to  solve  them  can  be  subdivided  into  the  analy¬ 
tical  and  numerical  ones.  Let  us  consider  the  numerical  methods  first.  Their  ca- 
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^abilities  are  higher.  ,  ,  t-  j  u  iv  4.j 

?■  giCTerical  methods  to  solve  SE.  These  nethods  can  be  realized  both  in  ti- 

„  and  frcgueacy  domain.  It  is  expedient  to  seek  the  solution  in  the  time  dosain 
when  determining  a  A!!E  response  to  an  unsteady  action  (for  example  its  pulse  ex¬ 
citation)  when  ME  t'orks  with  a  super  broadband  signal  (SBBS)  etc.  The  advanta¬ 
ges  of  the  til®  domain  aethod  are:  the  possibility  to  investigate  a  transient 
Rode  of  &KE  aad  its  behaviour  in  all  the  frequency  range  at  once.  Its  disadvan- 
taaes  are:  the  necessity  to  know  the  transient  responses  of  all  the  MfS  eluents 
or  eguivalcnt  circuits  of  MS  elements  with  distributed  parameters  (trpsmission 
lines,  radiators  etc);  the  necessity  to  calculate  transient  process  to  obtain 
the  characteristics  of  the  state  mode;  high  dimension  of  the  SE  system  in  case 
of  a  complex  ME  circuit.  The  listed  disadvantages  result  in  a  large  (sometimes 
xnadaissible)  voltnae  of  calculations.  »  *.• 

That  is  why  the  time  dos^in  methods  are  used  in  case  of  an  B^E  operation 
under  purely  unsteady  conditions.  As  an  example  the  article  /!/  can  be  mentio- 
ned.  Characteristics  of  wire  radiator  with  EE  when  they  are  excited  with 
electromagnetic  pulse  are  investigated  in  this  work.  The  importance  of  the  ftp 
analysis  in  the  time  domain  is  increased  by  the  growing  interest  to  SBBS  ^d  by 
the  fast  rise  of  capabilities  of  computers  (that  can  be  seen  in  particular  in 
development  and  use  of  the  FDTD  method).  _ 

levertheless  even  taking  all  this  into  account  in  the  process  of  invostiga- 
tion  of  a  state  mode  of  ME  it  is  obviously  preferable  to  solve  SE  in  the  fre¬ 
quency  domain.  ....  ..  .  t.  i 

it  present  the  method  of  harmonic  balance  or  of  modified  harmonic  balance 
/2/  is  used  to  solve  SE  in  the  frequency  domain  in  the  overwhelming  majority  of 
cases.  The  unknown  solution,  that  is  time  dependence  of  the  ^ state  variables 
(currents  or  voltages)  is  presented  as  Fourier  series.  In  so  doing  the  initial 
system  is  transformed  into  the  simplier  one  of  nonlinear  equations  in  respect  to 
amplitudes  of  harmonic  conq>onents  of  currents  or  voltages  that  are  calculated  by 
some  iteration  method.  The  harmonic  balance  method  is  used  also  in  the  case  of 
ME  excitation  by  a  narrowband  signal.  In  this  case  the  latter  can  be  treated  as 
a  barEonic  signal  with  a  slowly  changing  amplitude  /3/.  _ 

By  means  of  the  listed  methods  the  solution  of  the  scattering  problems  of 
single  dipoles,  helix  and  loop  radiators  with  KE  /2/  were  obtained,  some  types 
of  single  transmitting  ME  were  investigated  as  well  as  transmitting  KB7A  const¬ 
ructed  on  their  basis  /</.  As  this  takes  place  in  each  case  a  specific  own  roat- 
hexiatical  model  of  an  AEE  was  used.  In  particular  in  /if  a  suggestion  was  assu¬ 
med  that  nonlinearity  of  active  modules  characteristics  included  into  APAA.  is 
described  by  the  dependence  either  a  transmission  coefficient  or  an^  input  and 
output  resistance  Xsodule  on  a  signal  amplitude  at  its  input.  This  situation  on 
the  one  hand  simplified  the  models  essentially  and  allowed  to  analyze  not  only 
single  AHE  but  also  antenna  arrays  on  their  basis.  Eevertheless  on  _the  other 
hand  the  assumed  proposal  means  neglecting  the  process  of  appearance  in  a  res¬ 
ponse  of  new  ARE  spectral  components  that  are  absent  from  a  spectrum  of  an  input 
action.  Thus  the  accepted  model  allows  to  study  only  HEA  at  the  basic  frequency. 
The  other  effects  (spurious  radiation  and  side  reception  channels)  under  such  a 
model  cannot  be  considered  and  this  restricts  the  fields  of  application  of  the 

results  obtained  by  its  means.  j  v  it.  i. 

A  sufficiently  general  method  of  the  ARE  analysis  was  offered  by  the  aut¬ 
hors  /5/.  The  AHE  generalized  scheme  (Fig.l)  is  initial  in  this  method.  Accor¬ 
ding  this  scheme  the  AHE  is  presented  as  a  connection  of  three  linear  and  nonli¬ 
near  multiports.  The  linear  multiport  LK-1  describes  the  KfE  radiators  system 
and  is  characterized  by  the  scattering  matrix  S(0))  connecting  the  vectors  of  in¬ 
cident  a"((i))>  and  reflected  b"((!))>  waves  on  the  radiators  system  inputs  (section 
^-P)  and  vector  of  incident  n^^(&))>  and  reflected  uj^(t!)}>  "spherical  waves  in  the 

free  space"  /6/.  .  ,.1. 

The  linear  multiport  LM-2  describes  the  load  and  is  characterized  by  the 
scattering  matrix  S  (0))  connecting  the  vectors  of  the  incident  a'  (t))>  and  ref- 
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lected  b*  {W)>  waves  on  its  inputs  (section  Y-7).  The  vector  of  the  waves  b^>  er-' 

cited  br  the  sources  in  the  LH-2  is  also  shown  in  the  section  7-7. 

The  linear  Kultiport  L.M-3  describes  the  rest  of  the  circuit  linear  elesaeats 
(trsnssitting  lines,  filtering  circuits  etc.)'(^i  is  characterized  by  tbe  matrix 
Q{(i)j  giving  tbe  coupling  between  the  vectors  a”((0)>,  a'  (W)>  on  the  one 

hand  and  the  vector  of  normalised  currents  i  (ti))>  and  the  vectors  b"(U)>, 
b'  (©)>+b^{(!))>  on  the  other  hand; 

a**{U)>  =  b"(U)>  ,  (5) 

V  (u)>  r  ' 

The  nonlinear  Eultiport  is  described  by  the  operator  ^  transforsdng  the 
voltages  vector  on  its  inputs  into  the  currents  vectors 

Definition  for  concrete  ME  paraseters  {rii-1,2,3,  operator  Jt,  input  vectors 
u*  >  and  b  >)  constitutes  the  first  stage  of  ME  analyses.  Knowing  them  we  can 

V  Ti  O  ' 

obtain  the  SE  Eat  chi  ng  currents  and  voltages  in  the  section  CC-0(  f  res  the  side  of 
the  KM  and  the  whole  LH  (the  dashed  line,  Fig.l). 

Frc^  now  on  almost  periodic  or  periodic  Eode  of  the  ME  operation,  i.e.  the 
mode  in  which  the  antenna  is  affected  by  several  signals  with  different  {in  ge¬ 
neral  case  non  multiple)  frequencies  on  the  side  of  the  external  space  {\  )> 

a 

and  (or)  from  the  internal  generators  h^(Ci)j^  )>  (k^,k^<=  1=0, q;  q+1  -  the  nu^iber 

* 

of  different  frequencies  of  the  input  signals)  will  be  treated.  Thus,  if  we 
choose  the  Eli  input  currents  as  the  state  variables  then  the  ES  for  the  steady- 
state  conditions  will  be 


“  jv  t  r  *  „  ivt  1 

y  0^l"(VJ>e  f  M  y  O^X(Vjl“(V^)>  e  ''  t5{t)>[  =0, 
c~eo  J^n=-oo  ) 


where  0  =1  for  V  =0  and  0  =1/2  for  V  s'O;  V  -  characterize  all  possible  comMna- 

n  ,  n  ri  n  n 

tioos  of  the  input  frequencies;  -  is  the  matrix  of  self  and  mutual  impe¬ 
dance  of  the  LH  froa  the  side  of  the  section  d-Ct;  -  is  the  currents  amp¬ 
litudes  vector  of  the  LM  inputs  on  the  frequency  in  the  section  Ct-Ct;  ^(t)> 

-is  result  of  recalculation  to  the  section  d-d  the  input  vector.  The  si^sation 
in  (7)  is  taken  over  the  whole  possible  coirhinations  of  frequencies  of  the  input 
signals  Wj^ ; 

b^=0,±1,±7,...  .  (8) 

The  state  equations  solution  (currents  identification  in  0t-0(  sections)  is 
the  first  stage  of  the  KPM  analysis.  The  .second  stage  is  the  definition  of  the 
aPAb  output  parameters  vector  {a'  (V^)>}^  with  the  specified  input  sig¬ 
nals  b^(ttj,)>,  Uj^j^(W^)>  and  already  known  (found  on  the  stage  of  the  state-  equa¬ 
tions  solution)  vector  l“(Vj^)>.  The  index  T  indicated  the  transponse  operation. 
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The  output  parsffisters  vector  units  In  itself,  virtual Ij,  tuo  vectors  -  .vector 
a' (V  )>  ebarseterising  tba  linb  of  the  aistenna  uith  the  load  and  vector 

describing  the  link  with  a  free  space  i.e.  defining  the  antenna  external  parame¬ 
ters.  The  relations  connecting  vectors  a*  {V^)>,  on  the  one  hand  and  vec¬ 
tors  i“('V^)>  on  the  other  band  assirae  the  fora 


^<,(V„) 


(s) 


In  the  quated  above  expression  the  blocks  C^^(V^)  (^=0(,p,7)  are  de¬ 


fined  by  the  knoyn  matrices  of  the  ml ti ports  LM-i,  LH-2/ and  LM-3  /5/, 

Equation  (5)  is  a  xiatrix  representation  of  the  output  equations  system  for 
the  AHS  described  by  the  scheise  in  Fig. 1.  After  coisputation  of  aad 


a'  (V^)>  it  is  possible  to  define,  by  the  formulas  of  /6/,  all  the  external  para¬ 
meters  of  the  A^^E  :  its  RP,  directivity  etc. 

Because  of  the  availability  of  a  nonlinear  element  external  parameters  are 
to  be  determined  hot  only  at  the  frequencies  of  estemal  actions  but  also  at  all 
new  frequencies  generated  by  ncnlinearities.  Parameter  values  will  depend  on  a 
level  of  input  action-  Since  ME  is  an  non-reciprocity  imit  the  parEmeters  of 
transmitting  and  receiving  aateimas  are  to  be  considered  separately.  The  noted 
circun^tances  •  an  appearance  of  new  spectral  cosipenents  in  an  MS  spectrum,  de¬ 
pendence  of  ME  characteristics  on  a  level  of  input  action,  non- reciprocity  of 
ME  predetermines  existence  of  a  great  nraber  of  external  antenna  parameters. 

3.  Kays  to  increase  efficiency  of  a  solution  of  SE.  Solution  of  state  equa¬ 


tions  is  the  key  point  in  the  method  of  state  variables  that  determines  effi¬ 
ciency  of  the  whole  approach.  Kith  AfiE  coi^pIi cation,  increase  of  a  number  of  RE 
in  it,  a  nuniber  of  hansonics  that  must  be  taken  into  account  to  obtain  correct 
output  results  the  sjsteia  dimension  grows  and  this  restrict  the  possibilities  to 
solve  it.  These  possibilities  can  be  essentially  extended  if  HE  included  into 
the  system  are  coupled  between  themselves  in  different  ways.  It  is  for  example 
characteristic  of  the  cases  when  a  mi  is  a  combination  of  two-  or  threeport  lum¬ 
ped  HE  {diodes,  transistors)  that  do  not  couple  within  this  multiport.  Under  si¬ 
milar  conditions,  that  are  rather  widely  spread  in  practice,  quite  an  effective 
algorithm  to  solve  the  system  (7)  can  be  used;  the  idea  of  the  algorithm  is  ba¬ 
sed  on  a  decomposition  conception.  Its  essence  lies  in  separation  of  all  the  ME 
into  groups  in  such  a  way  that  these  groups  could  contain  only  the  so  called 
"strongly  coupling"  EE,  when  changing  a  mode  of  one  of  them  has  an  efficient 
influences  on  the  other  HE  that  belong  only  to  the  given  group;  the  influence  is 
insignificant  if  modes  of  ME  from  other  groups  are  considered.  This  provides  a 
possibility  to  divide  the  M  into  a  nmaber  of  partial  Ejultiports  and  to  form  a 
two- level  iteration  process  to  solve  the  system  of  equations  state  variables. 
Corresponding  to  each  of  the  partial  IIH  the  state  variables  are  determined  of 
the  lover  iteration  level.  Their  values  are  defined  more  exactly  at  the  upper 
level  with  taking  into  account  the  coupling  of  KH  through  the  linear  parts  of 
the  circuit.  Such  on  approach  allows  to  replace  a  solution  of  a  high  dimension 
problem  with  a  solution  of  a  niimber  of  low  dimension  probl^. 

Let  us  consider  the  peculiarities  of  the  offered  algorithm.  Let  us  suppose 
that  II  spectral  current  coaiponents  I  (V^)>  are  taken  into  account  in  the  course 

of  the  solution.  Since  the  partial  EM  in  the  scheme  of  ME  are  not  connected  the 
system  of  equation  (7)  can  be  transformed  to  the  following  form: 
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<ri(t)i>i+-?t^|<0(t){zl^^i>i  +  ^  <0{t){?.)ipi>p+«i(t)>j  =0.  V  1=1.M.  {10} 

■  ■  p=*  ■  . 

pxl 

Here:  M  is  a  nwsber  of  partial  m.  in  the  circuit;  <0(t)  is  a  Estriz-row  of  the 
fora:  <Q(t)={ezp(  ,  - . . ,  exp(3V_^t)  ,2,e3rp{  jV^t). . .  .,esp(  jV^^t)}  ;  is  an 

operator  describincL coupling  botyeea  a  c^’rrent  end  a  voltag^  on  the  terrsinals  of 
the  1-st  ra;  I>i={I^{V_„)>,...I;{V_J>.I^(0)>.I^(V^)>,  is  a  vector, 

which  components  represent  ccEpler  current  cmplitudes  on  linear  multiport  inputs 
connected  to  the  1-st  ISI;  {2}^^  is  blcck-dingonal  matrix  that  has  the  fora: 

lue  of  I^IF  source  of  the  l~st  KH  input. 

The  system  of  equations  (10)  is  coE^etely  equivalent  to  the  system  (7)/ 

with  being  an  explicitly  derived  term  ^  <Q{t){z}^pi>^  describing  connection 

p  =  i 

between  separate  "weakly  coupling"  tOi  at  the  basic  frequency  and  at  the  harmonic 
frequencies  through  the  LH;  the  raationsd  terra  is  in  (10)  under  the  sign  ^  the 
^  operator.  Because  of  this  in  case  the  solution  of  (10)  as  vectors  I>^  ,  V 

1=1, H  is  knovm,  the  next  approximation  can  be  deterBined  fre^  the  solu¬ 

tion  of  M  independent  equations 

i=i.m.  cid 

'  H  ■  _ 

where  (t)=^  <n(t){Z}^pI>p^‘.  (12) 

•  ■  P=1  ■  _ 

ppei 

The  sequence  of  the  calculations  under  this  algorithm  can  be  presented  in 

the  following  way.  <o>  - _ 

Rt  the  first  step  of  iterations  (h-l)  I>^  =0^  (1=1,M)  is  assus^ed  to  be  an 

initial  value.  It  medJis  that  while  determiriing  the  1-st  LM  is  connected  to 

the  corresponding  inputs  of  the  linear  part  of  the  circuit  and  all  its  other  in¬ 
puts  are  opened.  The  equations  (11)  in  this  case  describe  M  independent  cir¬ 
cuits,  each  of  which  contains  a  serial  connection  of  a  IJI  with  {2}^  mtrix,  ESI? 

sources  (t)>  and  KM,  that  have  \  characteristic.  The  solution  of  the  equa- 

tions  (11)  on  a  lower  level  of  iterations  that  is  defining  of  currents  I>^  for 

each  of  the  partial  multiport;  their  mutual  coupling  being  not  taken  into  ac¬ 
count.  Taking  into  .a^^pount  of  the  mutual  influences  of  ISl  is  carried  out  in  the 
calculations  of  I>^  '  in  the  course  of  the  suhseguent  iterations  of  the  upper 

leval  by  ircans  of  insertion  into  the  circuit  of  additional  sources  having 

(t)>  voltages.  Ax|  (t)>  value  is  detersined  by  the  relation  (12).  Therefo¬ 
re  the  calculation  of  the  whole  circuit  at  one  iteration  of  the  higher  level  is 
reduced  to  subseguent  calculation  of  M  siusplier  circuits,  not  only  for  the  first 
step  but  also  for  all  the  following  ones. 

It  is  necessary  to  note  that  if  high  level  iterations  determined  by  tbe  re¬ 
lation  (11)  convergence,  they  converge  to  the  precise  solution  of  the  equation 
(10).  This  statement  follows  from  the  fact  that  in  case  the  iteration  process 
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eooTerges  if  k-».  For  As;‘“{t)>,  deduced  fro.  (12)  *l80 

lA»“‘*‘’{t)>-Ax‘‘"(t)>*-»0  wbea  k-*a>  it  latrix  norEs  »re  restricted.  Thus  it- 

is  possible  to  indicate  and  E^-O  with  k-®  that  if  beginnina  with  soae 

inequality  I A»;’'*“{t)>-A»;‘‘’(t)>«  <  E^  is  true  for  all  kSM^  then  in  view  of 
poutiauity  of  ^  tile  inequality 

■^|<Q(t)(I)^^I>f°+4»;'“(t)>*^(t)>}|  <  E,  (u) 

ck) 

is  also  true.  That  is  why  if  the  sequence  l>^  calculated  by  (11)  converges 

then  it  converges  to  the  precise  solution  of  the  syste.  (10).  ^  ^  ^ 

Increase  in  efficiency  of  the  proposed  algoritha  in  coaqiarison  with  the 
traditional  one  is  achieved  at  the  espense  Of  the  fact  that  at  a  low  level  of  an 
^reration  process  (11)  when  an  approxiBate  value  of  a  state  variable  of  a  pat” 
tial  EM  is  deterained  square  convergence  fate  xsethods  are  used.  It  becootes  pos¬ 
sible  since  the  diisension  of  the  required  in  this  case  Jacobi  mtrix  is  essen¬ 
tially  less  than  the  Jacobi  matrix  of  the  systen  of  equations  (7).  The  «ntioned 
required  Jacobi  EatrixdiBens ion  depends  on  the  n\Biber  of  frequencies  taken 

into  consideration  in  the  process  of  calculation  and  on  the  number  of  inputs  of 
a  partial  RK.  k  convergency  rate  of  a  upper  level  iteration  process  (11)  is  li¬ 
near*  nevethe  less  to  ascertain  the  values  of  state  variables  at  the  expense^  of 
coupling  between  separate  "weakly  connected"  EM  one  needs  only  a  few  iterations 
that  is  why  tioe  consusption  on  the  upper  level  of  the  iteratidn  process  is  low. 
For  exaeple  it  is  illustrated  by  the  dependence  given  on  Pig.  2  of  a  number  of 
iterations  of  the  higher  level  on  the  distance  d/\  between  radiators,  calcu¬ 
lated  for  an  array  that  consists  of  receiving-rectifying  elcEients  of  rectenaas. 
For  d/Jt<0,5,  i*e.  when  coupling  between  EE  is  "strong",  to  obtain  a  solution  one 
needs  15... 35  iterations.  Coupling  reduction  results  in  decrease  of  11^^  and  when 

already  d/AS2,5  to  achieve  the  given  accuracy  of  the  solution  one  needs  4... 6 
iterations  of  the  higher  level.  r  n. 

The  application  of  a  decoEposition  idea  with  the  same  exactnMs  of  the  re¬ 
ceived  results  allows  to  analyre  the  circuits  containing  as  a  mininium  greater 
number  of  IE  by  several  fold  that  it  is  possible  when  one- level  iteration  method 
is  used.  .  j  « 

Besides  there  exists  some  more  possibilities  to  increase  productivity  or 
the  proposed  algoritka.  One  of  th^  is  following,  Sosetimes  it  may  happen  that 
several  Circuits,  analyzed  in  the  course  of  the  iteration  process  of  the  lower 
level,  have  identical  parameters.  In  this  case  it  is  sufficient  to  obtain  a  so¬ 
lution  only  for  one  of  the  circuits  of  this  group  and  not  to  analyte  the  rest  of 
them.  This  results  in  reduction  of  the _ upper  iteration  process  duration  and  thus 
the  total  time  consumption  of  calculations.  _  .  .  ,.u  r  i 

Inother  possibility  to  increase  the  algorithm  productivity  lies  in  the  fact 
that  as  a  rule  an  extent  of  154  coupling  by  means  pf  the  linear  part  of  the  cir¬ 
cuit  appears  to  be  different.  It  resets  in  a  situation  when  at  (k+l)-tb  ^itera¬ 
tion  of  the  ogpper  level  the  value  At^  (t)>  slightly  differs  from  A*^  {t)>, 

obtained  at  the  previous  stage  i.e. 

I  A»;‘'*‘'(t)>  -  A*;‘'‘{t)>i 

1 - i - - - - - «  1.  (14) 

I  A»;‘‘"“{t)>i 
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In  tills  csise  one  does  not  need  to  calculate  this  circuit.  Therefore  if  then  in-' 
stead  of  analysis  of  the  circuit  with  the  l-st  Wi  at  (k+l)-th  sta^e  of  the  upper 
leuel  iterations  usage  of  the  results  of  the  previous  k-th  stage  of  tMs  circ^t 
analysis  is  sufficient.  By  doing  so  general  productivity  of  the  algoritha  is  in¬ 
creased  at  the  espease  of  reduction  of  the  nusdser  of  circuits  analysed  at  the 
upper  level  of  iteration  process.  -  •  .  -v  j 

In  conclusion  it  is  necessary  to  note  that  the  joint  usage  of  the  described 
possibilities  of  the  algoritha  productivity  increase  allai  to  reduce  tiae  con¬ 
sumption  of  the  computer  calculations  essentially  and  in  its  turn  broaden  the 
range  of  the  analyzed  MZ  or  provides  the  possibility  of  their  more  accurate  re¬ 
search  at  the  expense  of  taking  into  account  greater  nusiber  of  hannonic  tenas  of  . 


currents.  .  .  .  ,  x  i.  .. 

4.  Analytical  psthods  to  solve  Sg.  Bo  far  an  analytical  solution  of  state 


equations  was  obtained  only  for  a  few  the  siiapliest  problKia  such  as  scattering 
of  a  plane  wave  by  a  linear  dipole  with  one  /7/  or  a  few  /8/  KE.  The  results  ob¬ 
tained  can  be  applied  only  to  esticiate  parameters  of  these  IliE  qulitatively  sin¬ 
ce  in  the  cource  of  solution  of  SE  essential  simplifying  assun^tions  were  Bade 
concerning  both  AHB  circuits  itself  and  the  paraaeters  of  the  eleoents  included 


in  it.  .  . 

Lately  the  authors  developed  an  analytical  laethod  to  solve  SE  that  is  cor¬ 
rect  enough  for  many  important  cases.  It  can  be  called  as  a  structural -aatrix 
method.  Such  a  nasve  is  stipulated  for  the  one  hand  by  the  fact  that  in  essence 
the  construction  of  a  structural  model  of  AKE  is  a  final  result  of  the  proposed 
method  for  the  other  hand  -  the  method  itself  is  based  on  use  of  Volterra  series 
in  a  matrix  fonaulatibn  and  laany-dimansional  scattering  matrixes  of  KM.  It  this 
case  as  initial,  also  as  by  nussrical  solution  of  SE,  a  geaerallsed  scheme  of 
BHE  given  in  Fig.  1  was  chosen.  A  incident  waves  vector  a  (U)>  in  section  ^C£-Cf) 
was  chosen  as  state  variables.  A  system  of  SE  was  obtained  that  connected  a  (W)> 
with  parameters  of  linear  and  nonlinear  multiports  and  characteristics  of  AKE 
excitation.  The  system  looks  like 


{S^)'^a“{U)>  ♦  (15) 


where  8  is  scattering  matrix  LM  block  that  characterized  it  with  respect  to 
the  section  («-«  );  -  vector  of  external 

actions  on  ARE  recalculated  to  section  («-<)();  S^  H  are  bierks  of  LM  scatte¬ 
ring  matrixes,  characterixing  coupling  between  the  inputs  at  the  sections  {C(-0 ) 

and  (C(-7)  respectively;  •>*  -  an  operator,  characterixing  a  nonlinear  Fultiport 
i.e.  describing  the  coupling  between  the  vectors  of  incident  and  reflected  waves 
at  its  inputs.  It  shojUd  be  pointed  out  that  unlike  a  "traditional"  scattering 

matrix,  the  operator  J"  describes  also  formation  of  the  reflected  KM  waves  in  the 
response  with  the  frequencies  different  f rra  the  frequencies  of  input  signals  ' 
due  to  nonlinear  characteristics  of  a  multiport. 

The  system  of  equation  (15)  is  a  systga  of  nonlinear  equations  from  which  a 
solution  for  a  vector  of  state  variables  a  (V^  )>  is  determined  with  known  para- 

% 

meters  LM  (matrixes  S^j,  j=«, 0,7)  and  EM  (the  •J'  operator)  for  a  given  external 
action,  described  by  the  vectors  and  system  descri¬ 

bes  the  whole  ARE  as  a  single  nonlinear  multiport.  Its  solution  is  looked  for  as 
an  expansion  in  a  matrix  Volterra  series 


385 


w  w 


nsi  -00 


In  this  relation  .  {n=l,2, . . . )  are  Eany-dirasnsional  matrixes  of  AHE 

and  are  imknown  expansion  coefficients  of  the  a“(w)>  vgctor  into  Vol terra  se¬ 
ries.  They  are  to  be  found  from  the  solution  of  (15).  *  vector 

eharacterixing  external  actions  on  hns  depending  only  on 

Hence  the  solution  of  (15)  lies  in  finding  the  ®3trlx,  i.e. 

in  determination  of  the  coupling  between  S^(V^ ,•••  .V^)  on  the  one  hand  and  the 

■  a 

S  aatidm  aj,(Wjj)>  and^^^^^^^  operator  on  the  other  hand.  As  the  authors  showed 

for  an  alaost-per iodic  mode  of  AHE  this  coupling  has  the  form 

[s^{V^+^..  .+V^>s“‘(V^*...  •  '•V^)=0,  V  n=l,2,..  (17) 

In  this  relation  S^(V^+- -  -  >*  a  low  signal  scattering  matrix  of  a  KH  at 

V  frc;5ucDcyj  '  * "  *  B3ny''diift6ii3ioiial  Bwitxix  character! 5X9” 

nal  sources  of  aay  of  the  frequencies  j^resent  id  the  ME  response  4>f  ii~order, 

the  »atrix  is  calculated  by  the  known  a^{0)j^)>  vector  and  by  the  . -.VJ 

Matrixes  of  the  order  y<n»  For  n=I  this  Matrix  reduces  to  vector  (this 

testifies  that  the  external  signal  sources  are  the  response  sources  of  the  first 

The  procedure  to  calculate  * Matrixes  lies  in  their  sequential 

calculation  in  accordance  with  the  relation  (17)  for  differeat  n  in  the  order  of 
their  increase.  It  is  worth  to  note  that  the  calculations  are  of  a  recursion  na¬ 
ture,  since  in  the  process  of  calculation  of  the  xaany-diMensional  luatrixes  of 
the  n-th  order,  in  additional  to  the  known  scattering  aatrixes  of  a  LM  and  the 
Many-diEensional  Matrixes  of  a  EH#  to  find  Bany-diaensional 

scatterings  iHE  Matrixes  are  needed  of  the  orders  less  than  n#  i»e.  the  values 
obtained  at  the  previous  stages  of  calculation  are  used*  ^ 

The  possibility  to  describe  HE  by  a  short  power  series  is  the  key  point 
that  deteraines  the  efficiency  of  the  proposed  method.  In  its  turn  the  latter  is 
determined  by  the  nature  of  a  nonlinearity  and  the  input  ME  signal  level,  to 
the  input  signal  level  is  reduced  the  number  of  the  series  members  needed  to 
describe  HE  decreases  and  the  iiaportance  of  the  proposed  method  grows. 

The  obtained  analytical  solution  of  the  SE  allowed  to  expand  the  range  of 

the  analysed  ME.  In  particular  it  is  possible  to  obtain  correct  results  ror 
calculation  of  a  scattering  field  of  hPAA  on  combinative  frequencies,  its  cha¬ 
racteristics  concerning  side  reception  channels,  antenna-mixers  parameters  etc. 
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ABSTRACT 

Two  dimensional  scattering  of  electromagnetic  waves  by  the  scatterers  composed  of 
conducting  strips  is  analyzed  by  means  of  the  Wiener-Hopf  technique  together  with  the 
fOTmulation  using  the  partition  of  the  scatterers.  By  using  of  the  concept  of  the  mu¬ 
tual  field  on  the  fictitious  boundary  of  the  sub-region,  the  simultaneous  Wiener-Hopf 
equations  are  obtained,  and  the  numerical  solution  of  scattering  by  some  scatterers  are 
demonstrated. 

The  electromagnetic  wave  scattering  by  scatterers  composed  of  strips  has  been  of  much 
theoretiesd  interest.  The  problem  of  scattering  by  a  strip  grating  made  of  infinitely  con¬ 
ducting  strips  regularly  placed  on  the  same  plane  was  analyzed  rigorously  by  Luneburg 
and  Westpfahlri)  by  means  of  the  singular  integral  equation.  The  same  problem  was 
attacked  by  Hosono  and  Hinata^*!  by  the  point  matching  method.  The  problem  of  scat¬ 
tering  by  a  parallel  strip  grating  made  of  infinitely  strips  oriented  in  parallel  to  each  other 
was  carried  out  by  Kobayashi  et  al.^^1.  The  problems  of  scattering  by  the  finite  num¬ 
ber  of  strips  are  important  for  engineering  and  practical  cases,  however  there  are  very 
few  research  reports  on  those  problems.  Aoki  et  solved  the  diffraction  problem  by 
two  strips,  placed  on  the  same  plane.  Using  Mathicu  functions,  Saermark^®!  solved  the 
diffraction  problem  of  two  arbitrarily  oriented  strips. 

In  the  present  paper,  the  problem  of  two-dimensional  scattering  of  electromagnetic 
waves  by  the  scatterers  composed  of  conducting  strips  is  analyzed  by  means  of  the  for¬ 
mulation  using  the  partition  of  the  scatterers^®l~^’l.  Defining  the  Fourier  transform  with 
respect  to  each  local  coordinate  which  is  installed  on  strips,  we  investigate  the  map¬ 
ping  between  different  complex  variables  in  these  Fourier  transforms.  Consequently,  the 
simultaneous  Wiener-Hopf  equations  are  obtained.  In  order  to  solve  the  Wiener-Hopf 
equations,  the  evaluation  of  the  integrals  along  with  branch  cuts  on  the  complex  plane  is 
necessary.  In  the  case  of  the  scatterers  composed  of  a  finite  number  of  strips,  the  saddle 
point  method  is  used  for  the  evaluation  of  the  integrals.  In  the  case  of  the  gratings  in 
which  an  infinite  number  of  strips  are  placed  periodically,  the  sampling  function  is  used  to 
expand  the  unknown  function  associated  with  the  field  on  the  strip  into  a  series,  and  then 
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the  integrals  are  evaluated  by  the  residue  calculus  technique.  The  Wiener-Hopf  equations 

are  reduced  to  a  set  of  simultaneous  equations. 

The  expression  of  the  diffraction  patterns  in  the  far-held  is  obtained  for  the  two  arbi¬ 
trarily  oriented  strips.  The  reflection  and  transmission  coefficients  of  the  grating  with  a 
periodic  structure  composed  of  several  arbitrarily  oriented  conducting  strips  is  obtained. 
From  numerical  calculation,  the  accuracy  of  the  approximate  solutions  and  the  validity 
of  the  present  algorithm  are  demonstrated.  The  time  factor  is  assumed  to  be  exp{-turt) 
and  suppressed  throughout  this  paper. 

11.  FORMULATION 
2.1  Statement  of  Problem 

Figure  1  shows  the  scatterers  composed  of  conducting  strips  and  the  coordinate  system 
under  discussion.  The  scatterers  are  uniform  in  the  y-dircction.  They  consist  of  perfectly 
conductors  with  zero  thickness.  Consider  an  incident  TE  plane  wave  which  is  polarized 
in  the  y-direction.  In  view  of  the  geometry,  this  is  a  two-dimensional  problem.  Let  us 
define  the  scattered  wave  by 

E\x,z)^E\x,z)  +  Eix,z)  (1) 

where  is  the  y-component  of  the  total  electric  field  and  Ei*  is  the  inddent  plane  wave 
in  the  form 

£'(i,z)  =  exp(— tfcisin^' —  tfczcos^)  (2) 

where  ib(=  is  the  free  space  wavenumber.  For  convenience  of  analysis,  we  assume 

the  medium  to  be  slight  lossy,  he., 

'  k-ki  +  ih,  ki>k2>0.  (3) 

All  scatterers  with  various  structures  represented  by  the  position  and  the  width  of 
several  strips  are  composed  of  three  kinds  of  constituent  elements  as  shown  in  Figure  2. 
For  the  following  analysis  in  this  sectiori,  we  introduce  the  partition  of  the  scatterers.  The 
scatterers  in  case  of  (a)  are  partitioned  at  an  arbitrary  location  between  two  strips.  In 
case  of  (b),.thc  scatterers  are  partitioned  at  the  joint  point  of  strips.  The  scatterers  in  the 
case  of  (c)  are  partitioned  at  the  joint  point  of  the  strip  and  the  extension  line  of  another 
strip.  By  the  partition  of  the  scatterers,  the  entire  regions  is  separated  into  several  sub- 
regions,  each  of  which  has  only  one  strip  respectively.  The  boundary  of  this  partition  is 


Figure  1:  Geometry  of  scatterers  composed  of  conducting  strips. 
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Fictitious  Boundary  Fictitious  Boundary  Fictitious  Boundary 


(a)  Strips  separated  each  (c)  Strips  connected  at  (d)  Strip  crossed  an  extension 
other.  edge.  line  of  another  strip. 

Figure  2:  Partition  of  the  scatterers. 


(a)  Strip  i'.  (b)  Strip  and  Strip  ?/. 

Figure  3:  Local  coordinate  system. 


called  Fictitious  boundary.  We  use  the  local  coordinate  systems  =  1,2,  •  •  •)  for 

each  strip  as  shown  in  Figure  3(a).  Subsequently,  the  integration  path  of  the  Fourier 
transform  with  respect  to  each  local  coordinate  system  does  not  cross  other  strip  in 
the  meaning  of  separation  by  the  partition  of  the  scatterers.  The  partitioned  strips  are 
expressed  as  <  ^i/}  for  t/  =  1,2,--  -.  Figure  3(b)  shows  the  coordinate 

relations  between  the  strip  and  the  strip  tj  in  the  position  of  these  strips.  In  the  case 
of  the  gratings  in  which  an  infinite  number  of  strips  are  platced  periodically,  the  gratings 
have  the  scatterers  composed  of  several  strips  as  shown  in  Figure  1  in  the  period.  In 
this  case,  we  use  the  partition  of  the  scatterers  in  one  period.  The  partitioned  strips  are 
expressed  as  {x*,  =  0, <  1^1,  <  ty*,}  Tor  i/ =  1, 2, 

2.2  Representation  of  Scattered  Wave 

When  the  number  of  strips  is  L  as  in  Figure  1,  the  partitioned  regions(5i,  52,  *  5l) 

are  separated  by  the  fictitious  boundary  as  shown  in  Figure  4.  The  subscript  i/,  7/  of  the 
fictitious  boundary  shows  the  boundary  between  region  5*.  and  Sr,-  Then,  the  present 
scattering  problem  is  reduced  to  that  of  deriving  the  scattered  wave  E  which  satisfies  the 
following  conditions: 

(a)  perfect  conductor  condition 

B{x^  =  0)  =  -E'{x^  =  0),  Pv  <  z^<  q^,  (i/  =  1, 2,  •  •  • ,  I)  (4) 

(b)  radiation  condition 
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(c)  wave  equation. 


In  the  regions  5^,  we  represent  the  scattered  wave  E  as  follow: 

^  f  »•  €  S„ 

re  US,  (6) 

if*l 

,  fl^U 

where  r  is  the  position  vector  from  the  origin  0.  By  applying  the  Green’s  theorem  to  the 
scattered  wave  and  Green’s  function 

■  Gix,z-,  x\z’)  =  -  x'y  +  (z  -  (7) 

which  is  defined  by  the  Hankel  function  of  the  first  kind,  we  have 

E,{r)  =  Et{r)  +  E^Ur),  {u  =  l,2r-,L),  (8) 


where  j„{zl)  is  the  surface  current  on  the  strip  v  and  Blf^  is  called  the  mutual  field, 
which  is  the  physical  quantity  to  determine  the  multiple  scattering  between  the  strip  v 
within  the  region  S„  and  the  other  strips  outside  the  region  5„.  From  the  electromagnetic 
field  continuity  at  the  fictitious  boundary,  we  have 

=  («/  =  !, (10) 

i|»l 
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2.3  Simultaneous  Wiener-Kopf  Equations 

We  define  the  Fourier  transform  7,  and  the  Fourier  inverse  transform  {v  = 
1, 2,  •  >  • ,  L)  in  the  coordinate  system  shown  in  Figure  3(a)  by  the  following  equations: 

=  ^vl/(2:.'.^*<)exp(ia^a^)),  ((/ =  1,2, •••,!),  (11) 

/(a:„,z„)  =  F{x^,tt^)exp{-ia^Zy)da„ 

y/ZTC  JiTx^oo 

T„_<T^<T„+ 

=  [F(l„0„)exp(-tQr„2„),T„^  <  T„  <  T„+], 

(i/  =  l,2,...,L)  (12) 

where  are  constants  and  the  complex  number  a„  is 

Oy  =  Cy  +  tTy- 

Substituting  Eqs.(8)  and  (10)  into  the  perfect  conductor  condition  (4),  we  have  the 
following  integral  equation  with  the  unknown  function  y. 


'M. 


■  +  (z,  -  O') ,,«)  di 


<Zy  <qy,  (V  =  l,2,*-*,i). 


Equation(14)  is  transformed  into  the  extended  form,  which  is  valid  for  -oo  <  Zy  <  oo. 
By  applying  the  Fourier  transform  to  the  extended  form,  we  have  the  functional  equation 
which  is  regular  in  the  strip  region  -k2  <  Ty  <  k,  on  the  complex  plane  a„.  After  some 
rearrangement  of  the  functional  equation,  by  an  application  of  Liouville’s  theorem  and 
the  analytic  continuation  in  the  complex  plane,  we  get  the  simultaneous  Wiener-Hopf 
equations 

_ _  L 

cxp(ta„p„)]  exp(-ta„g„) 

^/ay  -k  t  ?  > 

A- =  -“Vo:*/  “Tt ^17^(0,01/) 

+  YA^^Aexp{iayqy)]exp{-iayPy) 

Vay  +  k  ; 


-k2  <Ty  <  k2,(i'  =  1,2, •••,£.) 


where 


7*.  =  VoJ  -  R<7*.)  >  0, 
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Er{xy  =  0)cxp{ia^zj)dz^, 


9„,^iO,aJ)  =  ru{E‘„{x^  =  ^)fixp{ia^Zu)\-  0®) 

The  $n^(0,  «„)  on  the  right  hand  side  of  Eq.(15),  which  is  derived  by  the  Fourier  transform 
of  the  mutual  field  is  the  Fourier  transform  of  the  scattered  field  by  the  strip  i?  at 

the  i„  =  0  with  respect  to  the  coordinate  system  In  order  to  obtain  the  mapping 
between  the  complex  a^-plane  and  the  complex  o;i,-plane  is  investigated.  The  coordinate 
transformation  from  [i,,  z^]  into  [x^,  zj[  and  the  variable  transformation  from  a„  into 
are  used  for  the  evaluation  of  Eq.(18).  Subsequently,  we  get 


CCy) 


—  exp(— +  tcr„e,j^),  0  <  6^^,, 


—  exp(7^6,.v  +  tai/fln.*')* 
1„ 


0  >  6! 


where  and  6"'"  are  the  coordinates  of  the  edge  of  the  strip  7  as  shown  in  Figure  3(b). 
Therefore,  the  present  scattering  problem  is  reduced  to  that  of  solving  the  Wiener-Hopf 
equation(15)  in  which  Eq.(19j  is  substituted.  We  have  the  representation  of  the  scattered 


E{x,z)  =  f^  yr^->[25^^exp(-7jx,|  -  ia,{z,  -  g.)),  -^2  <  r.  <  k,].  (20) 

„=:1  V^l/  I  ^ 

Similarly,  the  formulation  using  the  partition  of  the  scattcrers  is  applied  to  the  analysis 
of  the  scattering  problem  by  the  grating  with  a  periodic  structure  composed  of  infinite 
strips.  In  the  case  that  the  number  of  strips  in  one  period  is X,  the  simultaneous  Wiener- 

Hopf  equations  is  obtained  ais  follow: 

YQ,,4a^)  +  YQ,+{a,)  = 

exp(-ia„to„)]  exp(-ia„ui„) 

^/a^,  —  fc 

— Iqi/-(oi')7v  E 

T„_  <Ty  <k2 

1  (21) 

Ypi,-{_ccy')  Yp^^.{qJ)  —  v^or,/  —  Ic  ($/r,/(o(,/)  -b  ^jifi,(o!i.) 

-f  exp(ta,,tDy)]  exp(iorym..) 

V  a„  -f  * 

00 


—“^2  ^  ^  ^y'h 
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where 


=  tj  €05(9*’  +  T»+  =  kj  COs{e'  - 

/ir„j,{i„,a^)  =  —  exp[-7^1i„  -  fiK]  +  ifi{ayd^  -  kcosO'd)] 
.  7r 


1  fWr  “  / 

y/ nail 


•  H  <T,  <T„+]]  exp{ia^z^)dr^.  (24) 

»^=o^ 

where  is  a  periodic  length  and  A,,  and  dy  zxe  the  Xi,  and  Xy  coordinates  of  the  points, 
which  are  placed  at  a  distance  by  one  period  from  the  center  of  the  strip  i/.  We  get  the 
scattered  wave  by  the  Fourier  inverse  transform 


oo 

•  53  Oi.)  exp{-*Qt^2,,),  T^_  <  T,.  <  r^+). 


III.  SCATTERBRS  GOMPOSED  OF  ARBITRARY 
ORIENTED  TWO  STRIPS 

3.1  Solution  of  the  Wiener-Hopf  equations 

Figure  5  shows  the  scatterers  composed  of  two  strips  for  numerical  calculations.  In 
order  to  solve  the  Wiener-Hopf  equations(15),  the  evaluation  of  the  integrals  along  with 
branch  cuts  on  the  complex  plane  is  necessary.  When  the  distance  between  the  edges 
of  the  strips  and  half  plane  is  no  less  than  a  wavelength  A,  the  saddle  point  method  is 
used  for  the  evaluation  of  the  integrals.  Subsequently,  the  approximate  solutions  of  the 
Wiener-Hopf  equations  are  obtained. 


3.2  Numerical  results 


For  the  far-field  calculation,  the  Fourier  inverse  transforms(16)  is  evaluated  by  the 
saddle  point  method  similarly.  The  diffracted  far-field  is  the  representation  as  follow: 

£'=Z)OTfl(r),  ^(^)^«.p(i(h-r/4)) 


where  D{0)  is  the  diffraction  patterns  of  the  far-field*  Being  rather  lengthy  formula,  the 
formulas  of  the  far-field  patternjD(fl)  are  cut  off.  However,  it  is  noteworthy  that  they  are 
expressed  by  each  term  which  correspond  to  the  geometrical  optics  representation. 

Figure  6  shows  the  comparison  of  the  diffraction  pattern  by  the  present  method,  the 
method  of  the  neglected  mutual  field  and  the  simple  GTD  method  for  the  Incident  angle 


(a)  Strips  (b)  Strip  and  half  plane 

Figure  5:  Scatterers  for  numerical  calculation. 

0*  =  75®,  The  method  of  the  neglected  mutual  field  is  the  algorithm  which  malces  the 
mutual  field  equal  to  zero  in  the  present  method.  Figure  6(a)  and  6(b)  show  the  diffraction 
pattern  for  two  strips  of  the  unequal  strip  widths  (Wi  =  2A,  Wj  =  lOA)  in  Figure  5(a) 
and,  one  strip  and  one  half  plane  in  Figure  5(b).  There  are  several  discontinuous  points  for 
the  results  by  the  simple  GTD  method,  these  diffraction  angles  correspond  to  the  shadow 
boundaries  viewed  from  the  edges.  They  are  due  to  the  neglect  of  multiple  scattering 
between  edges. 


(a)  Two  strips  having  unequal  width  (b)  Strip  and  half  plane 

Figure  6:  Far-field  patterns. 


IV.  GRATING  COMPOSED  OF  THE  STRIPS 
4.1  Solution  of  the  Wiener-Hopf  equations 
From  the  simultaneous  Wiener-Hopf  equalions(21),  we  have  the  following  relation: 

y/a^—k  (a„)  exp(ia^w^)  =  y/a^  +  k  yj»„+(o,.)  exp(-tor„ti;„)  =  J»(a„).  (27) 
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where  Jy(ay)  becomes  the  quantity  corresponding  to  Fourier  transform  of  the  surface 
current  on  the  Strip  i/  which  compose  the  gratings.  In  this  section,  using  the  characteristic 
of  the  following  sampling  function: 

«  /  ^  sin[(a„  -  ay,n)wy]  „  r 

Sy{ay  —  ayn)  =  — 7 - f - >  r'— 1,2,  (2oj 

(or„  - 


where 


OyM  =  k  cos  0*  +  nicfwyj  0 


-  I 


+ 

+  —  2x,  T  -  <  0'  <  TT 


,  (29) 


the  function  Ju{aJ)  is  expressed  in  terms  of  the  unknown  coefRcients  as  follow: 


^  ]  Cyn  ^ —  f>2, (30) 

»s=— 

where  TV*,  is  the  large  integer.  Using  the  residue  calculus  technique,  the  integrals  along 
with  branch  cuts  on  the  complex  plane  in  the  solution  of  the  Wiener-Hopf  equations 
are  evaluated  by  the  contributions  from  infinitely  many  poles  in  the  integrand.  These 
contributions  may  be  approximated  by  those  from  a  finite  number  2Tlf  +  1  of  poles.  Con¬ 
sequently,  the  Wiener- Hopf  equations  are  reduced  to  a  set  of  the  simultaneouL  equations: 

EE 

{,1  =  1.2,. .•,X;i^0,±l,±2....,±Arj  (31) 

where 

d;;  -  E  -  p2) 

1=1 

A 

We  donH  show  here  Uj^  dj^„^yZSid  as  they  are  rather  lengthy  formulas. 


4.2  Numerical  Results 

Since  the  space-harmonic  coefRcients  of  total  electric  field  in  Eq,(l)  are  calculated 
by  the  coefRcients  C„n  of  Eq.(31),  the  reflection  coefficient  and  the  transmission 
coefficient  Tm  are  obtained.  The  numerical  examples  for  the  triangular  grating,  the  strip 
widths  of  which  are  Wi  =  W2  in  Figure  7(a),  are  shown  in  Figure  7(b).  Figure  7(b)  shows 
the  power  of  the  —1  order  reflection  versus  the  normalized  depth  H/d.  The  Gl 

and  G3  are  the  |Ti~ip  of  the  gratings  with  various  profiles  under  a  — Ist-order  Littrow 
mounting ( cos =  A/2d).  Figure  8(b)  shows  the  \R^i\^  versus  the  d/X  for  the  indented 
grating  in  Figure  8(a).  By  the  reciprocity  theorem,  the  for  the  the  case  of  a/d  =  3 
is  also  equal  to  that  for  the  case  of  a/d  =  —2  in  the  range  2/3  <  d/X  <  4/3.  Figure 
9(a)  shows  a  regular  polygonal  transmission  grating.  The  [To]  versus  d/X  is  shown  in 
Figure  9(b),  where  the  number  L  of  strips  is  a  parameter.  In  the  case  L  ^  oo,  the  regular 
L  polygon  turns  into  a  circumscribed  circle  and  then  the  results  of  the  other  method 
shown  in  Ref.(8)  is  added  to  this  figure.  Figure  10(a)  shows  a  reflection  grating  with 
the  regular  polygonal  cavity.  The  |i?oP  versus  d/X  is  shown  in  Figure  10(b).  The  |iioP 
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(0 

Cross  section  of  the  triangular 
grating  composed  of  two  strips, 
which  are  connected  at  edges 
each  other. 


(b) 

1.0 

Reflection  coefficients 

versus  depth  ~ 

(u>i  =  XV2',  M  =  80,  Ni  =  yVj  — 

=  20),  0.5 

Gl:d/X=l, 

O'  —  cos"'  A/2d, 

G2  :  d/A  =  1.5,  =  60% 

G3:d/A  =  2,  0 

O'  =  cos"'  A/2d. 


Figure  7:  Numerical  example  for  a  triangular  grating. 


w 

Cross  section  of  an  indented 
grating  composed  of  two  strips, 
which  are  connected  at  edges 
each  other. 


(b) 

Reflection  coefficients  IR-ij* 
versus  d/A. 

{O'  =  60%  Hfd  =  l]  M  =  120, 
TV,  =  7^,  =  30), 

Gl :  o/d  =  3, 

G2  :  a/d  =  0.5, 

G3:o/d  =  -2. 


Figure  8:  Numerical  example  for  a  indented  grating. 
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X 


Cross  section  of  a  regular  L 
polygonal  transmission  grating 
composed  of  X  strips,  which 
are  connected  at  edges  each 
other. 


Sitip  1 


Snip  2/j 
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'Cv  2 
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Transmission  coefficients  |7oI  ® 

04  V 

versus  d/X.  — 

( =  90%  r  =  d/4-,  M  =  81V,  0.5 

■ 

N==Ni=N2  =  ---=^Nl), 

(71 :  X  =  6,  N  =  10, 

(72  :  X  =  8,  IV  =  8, 

> 

C?3:  X  =  12,  Ar  =  5,  0 

G4  :  L  =  00.  * 

:  i/  =  oo.  ^  I-W  J  2.0 

Figure  9:  Numerical  example  for  a  regular  X  polygonal  transmission  grating. 


Cross  section  of  a  reflection 
grating  withe  the  regular  X 
polygonal  cavity  composed  of 
X  strips,  which  are  connected 
at  edges  each  other. 


Sliip  2 


Sittp  1 
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3  '  A'L-\ 
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Reflection  coefficients  |-Ro|’ 
versus  d/X.  . 

(^'■  =  70%  r  =  (f/4;  M  =  81V, 
N  =  Ni  =  N,  =  ---  =  Ni:), 
G1:X  =  6,^  =  8, 

(72  :  X  =  8,  IV  =  8, 

G3:L  =  12,  N  ^6. 


i  H 


Figure  10:  Numerical  example  for  a  reflection  grating  with  the  regular  X  polygonal  cavity. 
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has  abrupt  changes  which  are  independent  of  the  frequencies  corresponding  to  wood’s  ' 
anomaly  (occurring  at  d/X  =  n/(l  ±  cos70®),ti  =  1,2,  •••).  Physically,  this  phenomenon 
is  related  to  the  resonance  of  the  cavity  composed  of  the  strip  2,  3,  •  •  •  and  L. 

V.  CONCLUSION 

We  have  analyzed  the  diffraction  of  a  plane  wave  from  the  scatterers  composed  of 
arbitrarily  oriented  conducting  strips  by  means  of  the  Wiener-Hopf  technique  together 
with  the  formulation  using  the  partition  of  the  scatterers.  Our  method  and  numerical 
results  are  as  follow:  (1)  Defining  the  Fourier  transform  with  respect  to  each  coordinate 
for  strips  and  using  of  the  transformation  between  complex  variables  in  these  Fourier 
transforms,  we  derive  the  extended  simultaneous  Wiener-Hopf  equation.  (2)  The  accuracy 
of  the  present  method  is  demonstrated  in  the  cases  of  the  scatterers  composed  of  the  finite 
number  of  strips  and  the  grating  composed  of  several  strips  in  one  period.  (3)  Since  the 
present  method  is  applicable  to  the  problem  of  the  grating  where  some  strips  are  connected 
with  others  at  the  edges,  it  is  probable  that  the  scattering  problem  of  electromagnetic 
waves  for  the  gratings  with  various  profiles  represented  by  the  position  and  the  width 
of  strips  are  analyzed.  (4)  Some  numerical  examples  of  the  grating  which  suggest  the 
characteristics  of  resonators  or  frequency  selective  surface  are  shown.  The  last  results  (4) 
needs  further  investigation,  and  the  characteristics  of  resonators  and  frequency  selective 
surface  will  be  improved  by  the  dielectric  slab  loading,  we  are  researching  the  extended 
problems. 
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A  xrodem  vlate  of  theoretical  investigations  concerned  with  solving  diagnostics  and  syn- 
thesis'  proUems  for  perfectly  conducting  objects  is  analysed  in  the  review. 

A  great  intWest  in  inverse  probkms  in  zrmthematical  di&acti^^  theory  arises  basically 
firom  practical  problems:  remote  senring,  visualisation  of  resonant  seat  lexers  in  optics,  ul¬ 
trasonic  and  superhigh-frequency  tomography,  nondestructive  testing,  synthesis  of  selective 
.dectromagneiic  objects,  etc.  Above  mentioned  and  others  trends  determining  in  many  re¬ 
spects  scieDiific  and  iechDological  progress  are  supported  quite  good  by  research  facilities 
generating  given  excitation  fields  and  recording  secondary  scattered  fields.  The  problem 
is  how  to  interprete  the  incoming  information  and  to  extract  the  analysed  characteristics 
rather  predfiely.  The  only  fcaablc  approach  is  to  use  computer  systems.  Analog  and  numer¬ 
ical  methods  for  solving  the  inverse  «:attermg  problems  account  for  algorithnuc  maintenance 

these  systems.  The  numerical  methods  are  the  subject  of  consideration  of  this  report. 

Any  direct  scattering  problem  can  be  described  as  a  problem  of  determination  of  some 
electromagnetic  parameters  of  a  structure  with  a  given  material  and  geometric  data  in  a  field 
of  monochromatic  sources  (in  a  field  of  plane  waves).  In  inverse  problems  the  parameters  of 
the  object  and  the  source  are  partiaBy  or  completely  unknown  and  are  liable  to  determina¬ 
tion.  An  amount  and  a  quality  of  initial  information  about  electromagnetic  characteristics 
specify  a  class  of  the  inv^se  problem  and  determine  most  accept  able  methods  and  means  of  a 
solution.  Thus,  a  problem  of  existance  of  the  solution  does  not  arise  in  diagnoetics  problems 
when  the  scattering  data  are  known  predsely.  In  this  case  the  m2dn  problems  are  connected 
with  obtaining  an  amount  of  data  which  will  be  sufficient  for  a  uniqueness  of  the  solution. 
However,  scattering  data  are  usually  oblamed  experimentally,  so  they  are  approximate  and 
not  predsc.  In  this  case  we  have  additional  problems  connected  with  an  investigation  of 
existance  and  stability  of  the  solution.  The  problem  is  com^^atmg  and  becoming  ill-posed. 
For  the  purpose  of  regularization  it  is  neceBsary  to  revise  a  notion  ‘solution -and  to  restrict 
subetantiaDy  the  class  of  functions  among  which  the  solution  is  sought.  The  problem  of  solv¬ 
ability  is  espedaliy  important  in  synthesis  problems  the  uHizaate  goal  of  which  is  creation  of 
the  objects  having  an  ability  to  realize  given  electromagnetic  characteristics.  A  body  of  data 
can  be  deficient  for  ensuring  the  unique  solution  (if  it  exists),  the  most  acceptable  choise  is 
dictated  by  practical  considerations  (a  simpliaity  of  making  the  structure,  a  convenience  of  its 
emplqyEnent,  an  additional  functional  potentialities,  etc.).  The  cptiioization  problems  with 
a  few  parameters  can  be  classified  as  inverse  problems.  In  these  problems  a  general  type  of 
the  object  and  a  source  function  are  given.  It  is  necessary  to  found  a  set  of  particular  values 
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of  geometricsJ  or  p?-r^meteii3  under  iho  Ecri-terii^g  dsnir^teng^k  rmBSxisally  ' 

.dktinsnisiing  from  required  one  iinpIcmcTited.  The  nn^Jjdn  of  mch  proHcma  is  reduced 
usually  to  finding  locei  extreina  of  functionals  rvhkh  form  is  baeed  completely  on  the  direct 
problem  eolution.  Similar  procedures  ere  need  v/hen  iiuplemcBling  tbe  analog  metbeds  of 
idestiScation  zmi  remote  cendng.  Tbc  effectiveuces  of  both  appro-acben  is  dcieiromcd  ly  the 
eifectiveners  of  Eolving  the  direct  pioblesns. 

The  rim  of  this  report  is  to  state  the  mOvdem  condition  of  thcoreiiceJ  inveotigationa  bs>5o- 
ciated  with  the  meat  urgent  diagncstica  mi  oyntlicsh  problems  addng  in  elecIroTBagnetics, 
Econstics,  geophyaica,  plsEmaj  scientiSc  hiotramerii-roaking,  optica,  Katnrally,  diiTereBt  prob¬ 
lems  are  solved  in  dilferent  fields,  Vat  the  matbcmalicd  description  and,  hence,  the  methods 
for  their  solution  are  practically  identical.  So,  y^e  will  confiBe  ourselves  without  of 
generality  to  eedar  ecattering  problems  for  two-dimendonal  perfectly  conducting  objects: 
comp^t  and  periodic. 

From  a  great  number  of  the  papers  devoted  to  inverse  problems  we  will  menUan  in 
the  report  only  those  ones  which  are  sufBcicntly  gener^  in  nature,  oriented  on  eolving  the 
principal  questions  and  not  restricted  in  their  approaches  and  techniquoD  to  cpedficai  (often 
very  interesting)  situations,  excitation  means,  a  dimenrionality,  etc.,  and  which  enable  one 
to  obtain  a  real  le-sult.  As  is  clear  from  the  title,  the  dbrect  and  iaverse  gcattering  problems 
for  locally  inhomogeneous  dielectric  objects  and  the  scattering  problems  in  a  time  dorrnun, 
whidi  axe  Biinilsr  to  the  problems  under  dbeuseion  by  their  etatements,  but  sometimes 
gubstantially  differ  from  them  by  methods  for  solving,  remain  out  of  right.  The  authors  do 
not  touch  upon  the  methods  of  short-waves  band  (fc  >  1)  and  phyrical  optica  dbtmgubhing 
in  the  main  from  the  methods  operating  in  medium- waves  and  long-wavea  bands. 

A  Buccessful  investigation  of  the  inverse  probienis  depends  to  a  large  extent  on  efEdent 
(fast  and  exact)  solving  the  direct  problems,  therefore,  the  laiji  ones  occupy  a  Eisicable  passage 
of  the  report. 

Then,  the  results  obtained  when  studying  the  uniquenezg  of  the  inverse  problem  eolu- 
tion  are  discussed.  It  is  clear  that  these  results  are  very  important  for  proper  posing  the 
'diagnostics  problems,  for  implementing  the  roost  general  approaches  to  solving  the  inverse 
problems  which  are  based  on  a  construction  of  regularising  operators.  It  b  clear  how  actual 
is  the  problem  of  accumulation  of  these  results  for  different  objects,  characteristics  whiihin 
reach  of  direct  measurements,  etc. 

In  the  ideal  situation  when  input  data  arc  knovm  exactly  and  the  questions  about  exis- 
tance  of  the  solution  do  not  arise,  most  of  the  inverse  bouadasy  valiie  problems  can  be  solved 
by  means  of  standard  analytic  contmuation  methods.  However,  their  computer  (numerical) 
implementation  inevitably  leads  to  errors  and,  hence,  to  destruction  of  the  basis  which  guar¬ 
antees  the  existance,  uniqueness  and  stability  of  the  Eclution  with  respect  to  small  vnnations 


of  input  data.  Inexact  and  incomplete  input  data  arise  in  diagnostics  and  reconstruction 
problems  as  a  result  of  not  only  numerical  but  tho  fuQ-Ecals  experiments  (measurements). 
The  solutions  of  syntheeis  problems  are  ako  bsned  on  the  dp4a  v^hich  can  fall  into  this  cat¬ 
egory.  What  problems  exise  when  solving  the  inverse  problems  with  incomplete  or  inexact 
input  data?  Firstly,  it  is  necersary  to  define  more  exactly  the  term  kohition  of  the  problem* 
since  it  can  be  unexisteat  in  the  habitual  sense  (the  object  with  geometric  parameters  which 
are  prscticelly  realisable  forms  the  given  field).  Secondly,  the  question  about  uniqueness  of 
the  solution  defined  in  a  new  fashion  and  its  stability  Vidth  respect  to  small  variationa  of  input 
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data  inevitably  ariEeB.  A  number  of  poedble  variants  of  solving  several  of  tbeee  problems  is 
eoneidered  using  the  synthesis  problem  for  a  compact  or  periodic  perfectly  conducting  object 

98  an  example.  . 

As  regards  to  the  algorithms  proper  of  the  inverse  problem  solutions,  they  are  analysed 
in  the  report  within  the  scope  of  two  isolated  groups  of  schemes  one  of  which  needs  (see,  for 
example,  the  papers  by  A. Roger,  D.Maystre,  W.Tobocmsa)  and  the  other  does  not  need  (see 
papers  by  R.Mittra,  D.Colton,  P.Monk,  A.Kirsch,  R-Krees)  the  solution  of  the  correspoiidmg 
direct  problem  at  intermediate  steps.  The  computational  efficiency  of  algorithms,  the  vaHdily 
of  principal  steps  andetages,  the  correctness  of  findings  and  assumptions,  the  correspondence 
between  the  aims  and  the  means  used  in  above  mentioned  methods  arc  estimated  in  the 
report.  . 

The  authors  of  the  report  put  emphasis  on  the  theoretical  results  bemg  of  general  impor¬ 
tance  to  the  lead  on  the  whole,  namely:  the  scheme  using  Herglots  wavefunctions  (D.Colton 
and  P.MoDi),  the  faithful  representation  of  Fr^ehet  derivatives  at  Newton-Kantorovitch  lin- 
eaxisation  (A.Roger,  D.Maystre),  the  idea  of  reformulation  of  the  problem  in  terms  of  the 
Cauchy  problem  for  a  hyperbolic  equation  (P.P-Garabedian),  etc. 
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ABSTRACT 

Thick,  conducting  gratings  were  considered  in  the  case  with  E  field  paralld  to  the  conductors. 

It  was  found  that  depending  on  the  shape  of  the  conductors  the  fillfactor  of  a  grating  can  be 
chosen  such  as  to  ensure  the  absence  of  a  frequency  dependence  of  the  phase  of  the  reflection  and 
transmission  coefficients,  with  the  former  being  equal  and  the  latter  being  equal  Tt/2.  This 
phenomenon  does  not  depend  on  the  incidence  angle  of  a  plane  wave. 

Gonsider  a  problem  of  dif&adioo  of  a 
plane  electromagnetic  wave  by  a  grating 
composed  of  parallel  conductors  [1-4]: 
E  =  expC-TkCxsinqH-yGOsqj)).  (see  Hg.1).  An 
expO’cot)  time  dependence  is  implied  bat 
has  been  suppressed.  The  problem  is  two 
dimensional  since  there  is  no  z-dependence. 
Ontside  the  local  waves  region,  transmitted 
and  reflected  fields  are  presented  in  the 
fomr 

Fig.  1  Geometry  of  the  grating 

EJ  =  Texp{-jk{xsm<p+ycos^)),  y>0  (1) 

=Rexp{jk{-xsm^+ycos(p)),  y<0  (2) 

The  period  of  a  grating  pis  assumed  to  be  small  With  respect  to  a  wavelength  X,  As  follows  from 
[1],  the  reflection  coefficient  and  the  transmisaon  coeffident  T  can  be  written  in  the  form: 

i?  =  exp(y{v'2  +  V'3  +  ^))‘^os{v'2''V'3).  .^  =  ®’^p(/(¥2+.¥3  +  ®/2))sin{v2~%)  (3)  • 

where  the  fcJlowing  notations  are  used  (see  [1]):  xjitj  =  - arctao(W2COS(p), 

APj  I  arctan(i/3 costp),  ii:=23t/A; /j  and  /j  depend  on  the  grating  geOcoetry;  (pis  (he  incidence 
angle  of  a  plane  wave.  The  formulae  are  derived  using  the  conformal  transformations  method 
Toe  CToss  Action  of  a  conductor  is  assumed  to  have  two  axes  of  symmetry.  From  (3)  it 
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follows  timt  both  the  phase  of  the  transmission  coefficient  Vx-Vi  +'^3  ^ 

j*asc  of  the  reflection  coefficient  +V3  ^  independent  of  the  frequency  and  the 

inddeoce  angle  when  the  equation  is  satisfied' 

h*h=0  (4) 

In  other  words,  ly  ■virtue  of  (4),  the  phase  Yr  behaves  as  ■well  as  the  phase  of  a  wave  reflected 
from  a  metal  surface  placed  in  the  syminetry  fiane  y=0.  The  difference  of  the  phases  -xj/j 
being  equal  it!2  results  from  the  general  property  of  losdess  structures  with  symmetrical, 
^ometry: 

Re(/rr^)  =  0  (5) 

It  ^ould  be  noted  that  the  magnitudes  of  R  and  T  depend  go  k  and  tp,  even  if  (4)  is  satisfied. 

it  is  helpful  to  give  several  exan^les  of  gratings  composed  of  €X)nductors  of  various  cross 
sections  which  satisfy  (4).  In  the  case  of  a  grating  composed  of  vertical  ribbons  (t=0,  Rg.l)  the 
foimulae  for  ^2  and /j  have  a  simple  fonnil]: 

4  =  -rbch--,  4  =  -^lnsh—  (6) 

71  p  71  p 

The  condition  (4)  is  met  when 

— =iln(2+V5)  =  0,46  (7) 

.  P  ^ 

For  the  case  of  a 
grating  composed  of 
drcular  conductors  the 
parameters  I2  and  are 
obtained  by  solving  the 
transcendental  equation 
[IJ.  Numerical  results 
show .  that  the  condition 
(4)  is  satisfied  when 

9  =  —=0,27.  The 
P 

jfiiase  \|*i.  versus  the 
fillfactor  q  for  various 
pfK  is  illustrated  in 
Figure  2. 

For  a  grating 
composed  of  square 
couductors  the  phases 
and  Yt  become  inde- 
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'  pendent  of  fireqoency  when  ?  =  —  =  ^  =  0,23- 

It  ^oiild  be  noted  that  the  gratings  under  consideration  have  a  fi^te  tMckness.  If  tte 
thickness  is  inFimtesimal  (a  parallel  strip-grating.  c=0.  Fig.l)  the  conation  (4)  is  met 
when  9=1,  i.e.,  the  grating  degenerates  into  a  metal  surface.  This  fact  results  Irom  the 


p  .  nj  •- 

fonnulae  for  a  parallel  $trip-grating  [1]: /2  =  0,  Insin  ^ 

The  gratings  under  cxjnsideration  may  find  a  use  as  elements  of  polarizers.  If  the  grating  is 
used  as  a  window  for  waveguides  and  resonators  their  propagation  constant  and  resonant 


frequency,  respectively,  is  not  perturbed.  ,  ,  .  t  a 

The  above  phenomenon  of  the  frequency  independence  could  be  simply  interpreted 
the  full  compensation  for  the  "sag"  in  the  electric  field  through  the  grating  slots  towards 
region  y>0  at  the  expense  of  ousting  the  field  from  the  region  y<0  by  ^  conductors  of 
grating.  Thus  the  plane  y=0  is  an  effective  (equivalent)  reflection  plane,  ijs.,  the  phase  w 
reflection  coefficient  for  the  grating  under  consideration  is  the  same  as  for  the  metal  pi 


lAaced  at  y=0,  namely  it  is  equal  to  p.  .  ,  ^ 

It  should  be  noted  that  the  phenomenoc  of  the  frequency  independence  mentioned  does  not 

occur  for  the  case  with  the  electric  field  orthogonal  to  the  conductors. 
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OF  ELECTROMAGNETIC  FIELD  POLARIZATION  STRUCTURE 
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ABSTRACT 

A  atethod  of  synthesis  of  a  multigrid  structure  is  suggested  which  provides  a  given  polarization 
transformation  without  reflection  at  a  specified  frequency.  The  structure  is  formed  by  a  cascade  of  arbitrary 
number  of  parallel  semitransparent  screens  with  anisotropic  conductivity.  Explicit  formulae  have  been  de¬ 
rived  that  enable  screen  transparency  and  sercen  spacing  to  be  obtained.  A  three  wire  grid  circular 
polarizer  has  been  more  fully  attacked.  The  outer  grids  of  the  polarizer  arc  mutually  rotated  by  an  angle  9, 
with  interior  one  being  composed  of  the  wires  perpendicular  to  the  wires  of  one  of  the  outer  grids.  All 
dcctrical  and  geometrical  parameters  of  the  above  structure  are  expressed  in  terms  of  the  angle  ip. 
Numerical  calculations  of  the  axial  ratio  and  transmission  d)cfricient  of  the  above  polarizer  have  been 
carried  out  , 

Consider  a  plane  wave  normally  incident  on  a  cascade  of  A/  par^lel  translucent 
(partially-reflecting)  surfaces,  wth  every  surface  being  described  by  the  boundaiy 
conditions  [1] 

rr^TT-  '  -  u 

■  d(kN)  d(kN) 

where  k=(ii/c  is  a  wavenumber,  ti  is  the  unit  vector  normal  to  the  surfaces,  is  a 
transparency  value  (or  transparency)  of  the  ntXYi  surface,  U  satisfies  the  Relmholts  equation 
and  means  electric  field  intensity,  indices  "+"  and  refer  to  the  opposite  ades  of  the 
surface. 

Translucent  surface  described  by  (1)  may  be  realized,  e.g.,  by  means  of  a  grid  composed 
of  thin  conductors  parallel  to  the  electric  field  vector.  It  should  be  noted  that  in  this  case 
(when  p  is  independent  of  coordinates)  p=  -1/J5,  where  .5  is  a  shunt  Succeptance  used,  for 
example,  in  [2-4] 

It  is  ea^  to  show  that  a  transmission  type  resonator  formed  by  two  identical  translucent 
surfaces  can  not  only  be  perfectly  matched  at  a  specified  frequency  cd**  but  also  provide  a 

phase  shift  cc"  given  (i.c.^  the  transmission  coefficient  T  =  jr|exp(ya)  may  be  presented  as 
expOa* )  )  if  the  transparency  p  and  the  surface  spacing  a  are  expressed  by  the  formulae* 

1  ■  a'’ 

p=2“tY  a) 

*If  the  value  of  a*  in  (2),  (3)  is  assumed  to  be  jt/3  one  can  obtain  the  weil-known  results^  for  the  two- 
polarizer  P],  {4], 
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= 


jr+  a' 


It  will  be  shown  below  that  the  bandwidth  of  devices  based  on  the  phase  converters  under 
consideration  is  determined  by  the  derivative  of  the  transnussion  coefficient  phase  a  with 
respect  to  frequency  (or  to  A,  that  is  the  same). 


Here  we  take  account  of  the  frequency  dependence  of  the  trahsparenqrt 

p=^p">0  (5) 

It  is  caused  by  the  inductive  nature  of  the  translucent  surfaces  mentioned. 

It  is  easy  to  show  that  merging  two  translucent  surfaces  described  by  (1)  with 
transparency  values  p,  and  p,  forms  one  with  the  transparency  p  defined  by  the  formula: 

i  =  (6) 

p  Pi  Pi 

Consider  a  set  of » two-element  transmission  type  resonators  (with  a  resonant  frequency 

of)  placed  in  series.  Let  every  resonator  providing  a  phase  sWft  otj  (/=l,2....,n)  be 
described  by  the  formulae  (2)-(4)  with  proper  index  "i."  Let  us  bring  the  resonators  nearer 
to  one  another  so  that  the  boundaries  of  neighbor  ones  coincide  with  each  other.  At  the 
frequency  oa®  ,  this  procedure  does  not  change  the  total  transmission  coefficient  of  the 
structure.  As  a  result  we  obtain  a  cascade  of  /?+!  surfaces,  with  outer  ones  having  the 

former  transparency  values  pf  and  p°  and  interior  surfaces  having  transparency  values 
calculated  by  (6)  with  proper  indices.  The  total  phase  shift  provided  by  such  cascade  of 
surfaces  is 


a*=Xa?  (7) 

<»!•  .  _  ’  .  , 

The  derivative  of  the  transmission  coefficient  phase  for  the  whole  cascade  of  inductive 
surfacesis 


(*5f] 


=  -xf  (ff  +  Ot?)  tan’  ^  +  2  tan  ^ 


In  other  words  » 

(13) 

Such  dependence  of  the  phase  shift  on  the  frequency  is  caused  by  the  inductive  character  of 
the  transparency  (see  (5)).  Thus  the  bandwidth  of  a  cascade  of  inductive  surfaces  cannot 
increase  infinitely  at  the  expense  of  increasing  the  number  of  the  surfaces. 

Let  us  apply  the  above  results  to  constructing  polarizers  of  a  plane  electromagnetic 
wave.  The  translucent  surfaces  can  be  realized,  for  instance,  in  the  form  of  short-period 
grids  (the  period  p  is  small  with  respect  to  a  wavelength  X)  composed  of  parallel 
conductors  with  a  small  fillfactor  q.  The  electric  fields  orthogonal  to  conductors  scarcely 
interact  with  the  grids.  Let  the  angle  ©  between  the  electric  field  vector  and  a  grid 

^This  panicuiar  case  allows  all  the  optimal  solutions  of  P]  to  be  obtained  when  considering 

=  =  1,2.3: 

2 
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conductor  be  jc/4.  To  obtmn  a  circular  polarizer,  it  is  necessary  to  equate  the  phase  sluft  a 
to  Ji/2.  For  a  twist  polarizer  the  phase  shift  a  should  be  taken  equal  to  n. 


Fig.l  Performance  of  the  polarizers 


Fig.l  shows  the  axial  ratio  (a)  and  the  transmission  coefficient  (b)  versus  the  frequency 
for  the  circailar  polarizers  constructed  on  the  base  of  the  formulae  (9),  (10)  with  various 
numbers  of  grids.  The  behavior  of  the  axial  ratio  as  the  number  of  the  grids  m  tends 
towards  infinity  is  pictured  by  solid  lines  (see  (12)).  The  formulae  (9),  (10)  give  the 
following  parameters  of  the  circular  polarizers;  p,=  p,==0.5.  Aa=37t/4  (for  /»=2); 

p,  =  Pj  =  L 207,  Pi  =  0.604,  ka=5nJi  (for  ot=3);  p,  =  p^  =  L866,  pj  =  p,  =  0. 933, 
kcF^ln/ll  (for  »»=4);  p,  =p5  =  2.514,  pi  =  pj  =p4  =1.257,  kcr=9nf\6  (for  m=5); 

Pi  ~  P6  -  3.157,  Pi  =*”  =  Pj  =  1.578,  Aa=llJi/20  (for  m-6).  Analogous  results  for  the 
twist  polarizers  are  presented  in  Fig.  2.  The  same  formulae  (9),  (10)  give  for  these 

polarizers:  p,  =  Pi  =  0.5,  Pi=0.25,  Aa=3n/4  (for  n2=3);  p,=p4  =  0.866, 

Pi  =  Pi  =  0. 433,  ka=2n/3  (for  7w=4);  Pj  =  Pj  =  1.207,  Pj  =  Pj  =  p<  =  0.604,  kr=Sn/S 

(for  ot=5);  p,-  =  p^  =  L  539,  Pi  =•  •  •  =  Ps  =  0. 769,  ka=3nl5  (for  m=6). 
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CASE  OF  OBLIQUE  INCIDENCE 

Diana  C.  Skigin  and  Ricardo  A.  Depine 

Dep.  de  Fisica,  FCEN,  Universidad  de  Buenos  Aires 
Pab.  I,  Ciudad  Universitarla,  1428  Buenos  Aires,  Argentina 

Abstract 

A  modal  theory  b  applied  to  calculate  the'diffracted  fields  from  perfectly  conducting  ID  rough 
surfaces  in  the  general  case  in  which  the  incident  wave  vector  does  not  lie  along  the  main 
section  of  the  cylindrical  surface.  Antispecuiar  effects  which  appear  in  finite  length  surfaces 
and  their  relation  with  the  intensification  of  antispecuiar  orders  from  deep  gratings  are  analyzed. 
Numerical  examples  are  shown  for  s~  and  p-  polarization.  The  close  connection  between  the 
.  system  under  consideration  and  the  corresponding  problem  in  classical  mounting  is  discussed. 

Introduction 

The  perfectly  conducting  lamellar  profile  as  a  light  scatterer  has  been  studied  by  many  au¬ 
thors  {l}-(5].  Andrewartha  et  al.  [2]  and  Wirgin  and  Maradudin  [3],  for  example,  studied  the 
diffraction  from  perfectly  conducting  gratings  in  in-plane  incidence. 

Recently,  a  modal  method  has  been  applied  to  solve  the  diffraction  problem  from  perfectly 
periodic  gratings  in  conical  mounting,  i.e.,  when  the  propagation  vector  does  not  lie  on  the 
main  section  of  the  cylindrical  surface  [5]. 

Finite  length  surfaces  of  the  same  shape,  i.e.,  perfectly  conducting  plane  surfaces  having  a 
finite  number  of  rectangular  grooves,  have  also  been  studied  when  the  grooves  are  equally 
spaced  [6],  and  when  the  distance  between  adjacent  grooves  is  arbitrary  [7].  This  kind  of 
surfaces  is  of  interest  nowadays  because  they  permit  us  a  sistematic  study  of  the  phenomenon 
of  backscattering  enhancement  that  takes  place  in  such  structures.  They  also  make  it  possible 
to  analyze  the  relationship  between  the  intensification  of  antispecuiar  orders  from  deep  gratings 
and  the  backscattering  peak  observed  in  theangular  distribution  of  intensities  from  non-periodic 
surfaces  (8]-(9]. 

A  new  antispecuiar  effect  was  predicted  by  Depine  [10]  and  recently  observed  by  Sant  [11] 
in  oblique  incidence.  This  phenomenon  consists  in  the  appearing  of  an  enhanced  peak  in  the 
angular  distribution  of  intensity  along  the  direction  opposite  to  the  specular  direction.  In  such  a 
case,  the  propagation  vector  does  not  belong  to  the  plane  of  incidence,  but  this  effect  suggests  a 
connection  with  the  backscattering  enhancement  of  electromagnetic  waves  in  in-plane  incidence 

lioj. 

The  task  of  this  paper  is  to  study  the  relationship  between  the  intensification  of  antispecuiar 
orders  from  deep  gratings  and  the  ’’antibackscattering”  peak  in  finite  length  surfaces,  in  the 
general  of  oblique  incidence. 
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1  Theory 

1.1  Geometrical  Configuration 

Let  us  consider  a  perfectly  conducting  one  dimensional  rough  surface.  The  grooves  are  along 


perfect 
conductor 


Figure  1;  Configuration  of  the  problem 

the  z  direction,  and  the  y-axis  is  normal  to  the  mean  plane  surface.  The  surface  is  illuminated 
from  the  region  y  >  0  (see  Fig.  1)  by  an  arbitrarily  polarized  plane  wave  with  wave  vector 

fci  =  aoi- A)y  +  7o^  I  0) 

Po  +  7o  —  ^0  1  ^  —  ^f  c  =  2irfX,  where  u  is  the  frequency  and  A  is  the  wavelength  of  the 
incident  wave.  We  express  the  coinponents  of  ko  in  terms  of  the  incidence  angles  $d  &nd 

00=  Ato  sin  5o  cos  ^0  » 

fio  =  kocos$o  t  (2) 

-yQ  =>  A:gsm0osin^o  • 

where  Co  measures  the  angle  between  the  direction  of  incidence  (A:o)  and  the  normal  to  the 
surfcu:e  (y),  and  measures  the  angle  between  the  plane  of  incidence  and  the  a:-axis  (see  Fig. 
1).  For  classical  mounting  0o  =  0,  tr  (70  =  0),  and  Oq  becomes  the  usual  angle  of  incidence- 
In  order  to  determine  the  polarization  of  the  incident  efectric  field,  we  define  two  unit  vectors 
perpendicular  to  kot  ^  (perpendicular  to  the  plane  of  incidence),  and  (in  the  plane  of 
incidence): 

<?•  z=  cos  ^0^  "  sin 

(3) 

=  —  Gos  Oq  cosSqx  —  sin  Bqv  —  cos  ^0  sin  <Pqz 


1.2  Field  Decomposition 

The  incident  electric  field  is  assumed  to  have  the  form 

=  F'(i,y)exp(i7or)  ,  (4) 

where  a  time  dependence  in  the  form  e““^'  has  been  dropped.  As  the  problem  is  invariant  when 
infinitesimal  translations  along  the  z  direction  are  performed,  the  fields  have  everywhere  the 
same  propagation  constant  70  as  that  of  the  incident  fields.  This  fact,  and  a  property  from  the 
theory  of  waveguides  [13]  led  us  to  write  the  fields  everywhere  as:’ 

F(a:,y,2)  =  [.^(z,y)+iF,(x,y)]exp(t7oz)  ,  (5) 

/f(x,y,a)  - [f/7'(i,y)  +  2//2(z,J/)]exp(»7oz)  ,  (6) 

where  the  subscript  T  denotes  the  field  component  transverse  to  the  z  direction.  The  transverse 

components  can  be  written  in  terms  of  F,  and  fif,  [12]  (13): 

.  +  koz  , 

(7) 

m'-fij (70 Vj-Fi — loz  X  Vrlfi)  » 

where  Vr  =  V —  zd/5z. 

It  is  important  to  remark  that  although  the  general  case  of  oblique  incidence  involves  a  vectorial 
treatment  and  polarization  mixing,  when  we  are  dealing  with  a  perfectly  conducting  material, 
the  boundary  conditions  do  not  couple  the  z-  components  of  the  electric  and  the  magnetic  fields. 
This  fact  simplifies  the  numerical  treatment  and  allows  us  a  solution  of  the  conical  diffraction 
problem  in  terms  of  the  solutions  of  two  scalar  problems  corresponding  to  the  fundamental 
modes  of  polarization  in  in-plane  incidence  [14]. 

1.3  Incident  and  Diffracted  Fields 

Let  us  consider  that  the  surface  is  illuminated  by  a  plane  wave 

P'ix,y,z}  =  A'exp[i{aQX-0oy  +  Koz)]  ,  (8) 

H’(x,y,z)=^x  ^{x,y,z)  ,  (9) 

where  >1*  is  a  vector  with  complex  components  /i;  and  along  and  cp  respectively.  Decom¬ 
position  of  >4*  into  its  cartesian  components  gives: 

Vti  =  — sin  ^0  -  cos  flo  cos 

Al=^A],smeo  (10) 

cos  ^0  —  cos  tfo  sin  ^0 

As  it  was  stated  above,  the  electric  and  the  magnetic  fields  are  completely  determined  if  the  z- 
components  and  are  known.  The  solution  for  the  ^-components  of  the  diffracted  fields  in 
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upper  region*  depend  on  llic  type  of  aurfuct?  we  an?  eoiiKidcrittg  (infinitely  periodte  or  finite)^ 
Infinite  gratings 

We  consider  a  perfectly  conducting  grating  of  Tectangular  profile  and  period  d,  width  of  the 
grooves  c  and  height  A.  In  this  case,  a  Rayleigh  expansion  is  appropriate  to  describe  the 
z-components  of  the  fields: 

*  ^  il*exp(iXa„i  +  Aiy  +  i^^^^  ,  (11) 


where 


Hf^f{x,yyz)  ^  ^  5„exp[tj^.f^  =  ^  5«  expltXa*® 


2x 

On  —  oro  +  ^n  , 

-7o  -“S  >f  ^  -  ’ll  >  “5 


i  y/cil  —  k*  -¥  i^  If  7I  < 


n  refers  to  the  diffracted  orders  and  /i»  and  are  complex  amplitudes.  Malcing  use  of  cqs.  7, 
the  total  diffracted  fields  become 

'  t  *0  ~  7d  J 


gii/j 


^lL(^F 


exp[i(an3:  +  ffny  +  Tte^)]  . 


nRn  -  an70‘5n)5  -  (70^«5„  +  koQn 


fi«)!/l  +  5nx} 


expti(a„:r  +  j8.»y  +  (16) 

The  time-averaged  power  per  unit  area  of  the  n-  order  that  crosses  any  plane  parallel  to  the 
y  =  0  plane  is  given  by: 

j=s.p  (17) 

where  the  asterisk  denotes  complex  conjugate.  Then,  the  total  efEciency  of  the  n-  order  is  e*: 

As  shown  in  (14],  the  Rayleigh  amplitiides  Rn  (sS„)  correspond  to  the  solution  of  classical 
problems  for  s-  (p)-  polarization  and  unit  amplitude  incident  electtic  (magnetic)  field.  These 


Rgure  2:  Conical: 

dassiced  problems  correspond  to  another  wavelengtb  A^.  wbiGh  is  related^^  the  original 
wavelength  A  through: 

^  ^  .".  (19). 

a/1^^  COS^Q 


^  being  the  augk  betv^eiv  ^  and  its  prajeetiQtt  on  the  (x,  y)-plaue.  It  should  be 
if  we  vary  ^0^  fo  ^oV  the  value  of  A®*  is  different  fo  each  aiigle  of  ineidence.  But  we  can 

describe  the  prGbienrmternJS  of  another  pair  pfangles#  (between  the  prey 
{x^y)-plane  and  the  yraxis)  and  ^VwJ^ieh  are  related  w  ^  by: 


cos  ^  = 


1  ^sih  ^^sin^ 


€os/|iV==  (21) 

Then  varying  ^  and  keeping  fixed,  the  equivalent  wavelength  is  mantained  for  every 
This  change  of  variables  will  make  it  easier  the  comparison  bet  ween  the  conical  and  classical 
mounting  curves. 

Finite  length  surfaces 

Id  this  case  we  consider  a  plane  surface  having  a  finite  number  of  rectangular  grooves  of  width 
c  and  height  A,  in  which  the  distance  between  adjacent  grooves  can  be  chosen  arbitrarily.  The 
solution  for  the  z-components  of  the  fields  in  the  upper  region  can  he  written  as: 


y ,  z)  ^  p  R{a)  c‘<“+^»+^')da  , 

■  ■ 


'whew 


Replaxnng  22  and  23  in  7,  we  obtain  the  expressions  for  the  total  diifrajcted  fields: 

^  _^—^[-i^oaRia)-^  ko0Sia))x  +  (koa^^^ 

exi>(t(«r  +  ^y  +  Tto*)]  .  (25)- 

~  J  {  P  L  -  cr7o5(a))x  -  (7®/?S(a  +  Mi?(a))yl  X 

exp(i(ax  +  y?y  +  ti92)|  (26) 

The  time-averaged  power  per  unit  area  that  croes^  any  plane  parallel  to  the  y  s  0  plane  is 
given  by  17,  replacing  jEj  and  ifi  by  ^^(of)  and /r^(a)  respectively. 

2  B.esults 

In  figure  3  we  show  curves  of  efficiency  of  a  diffracted  order  vs.  the  angle  of  incidence  flo  keeping 
^  fixed,  for  a  perfectly  conducting  grating  with  c/d  3=  0.9,  A/d ;==  0.31,  ^0  =  5®  and  for  two  * 
values  of  h/d.  It  is  remarkable  that  for  >=  5*  (a  small  so  that  the  problem  does  not 
differ  too  much  from  the  classical  one),  an  increase  in  A/d  produces  an  intensification  in  the  . 
n— eflBciency  when  the  n ‘border  propagates  in  the  antispecular  direction  for  both  pol^izations. 
This  behavior  was  found  to  happen  for  all  the  diffracted  orders.  If  we  compare  the  plots  in  ^ 
Pig.  3  and  the  corfesponding  curves  for  in-plane  incidence,  we  can  notice  a  great  degree  of 
similarity  between  curves  (see  Fig.  4),  as  it  should  be  expected  because  of  the  small  value  of 
taken.  To  better  appreciate  the  effects  caused  by  the  conical  mounting  in  the  diffracted 
light,  we  increased  the  value  of  ^0  and  made  curves  similar  to  those  of  Figure  3.  In  Figure 
5  we  show  curves  of  -1  efficiency  vs.  9q  for  greater  values  of  ^0.  A  and  ^0  have  been  chosen  “ 
so  that  A*^  remains  the  same  for  all  the  cases  considered.  It.  can  be  observed  that  the  curves 
resemble  the  classical  ones  (see  Figs.  4a  and  4c).  This  feature  is  related  to  the  fact  that  values  - 
of  60  belonging  to  the  mterval  [0, 90®]  correspond  to  a  variation  of  ao/fc  in  [0,1J  for  in-plane 
incidence,  and  to  a  variation  of  ao/A  in  [O,  l/  cps  ^0)  in  oblique  incidence.  Another  important . 
fact  to  Temark  is  that  in  all  cases  the  peak  is  located  at  the  value  of  Cq  at  which  the  curves  in 
classical  mounting  have  their  maximum  (antispecular  direction  for  iii-plane  incidence),  but  not 
in  the  ”antispecular”  direction  for  oblique  ilicideuce  {AS)v  that  is: 

__  nX^  _  n  A 
ib  ^  2  d  2dcos^Q 

nX 

k  "^21 

This  result  is  in  agreement  with  the  prediction  made  in  [10]. 

We  turn  now  to  show  some  examples  for  finite  length  surfaces.  In  Figure  6  curves  of  intensity 
as  aTunction  of  the  observation  angle  are  shown,  for  a  surface  having  three  grooves,  of  width  ^ 
c/d  =  0.9  and  h/d  =  1.5.  it  can  be  observed  in  Figure  6  that  the  scattered  intensity  has  a  peak 
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Figure  4:  EfBciency  vs.  flo  for  a  grating- with  cjd  =  0.9  and  XJd  ==  0.31  in  classical  Tnounting 
(<^o  =  0“).  a)  -1  efficiency  for  incident  5-pol.;  b)  -2  efficiency  for  incident  s-pol.;  c)  -1  efficiency 
for  incident  p—pol.;  d) -2  efficiency  for  incident  p—ool. 


Figure  d:  ~1  efficiency  vs/ flj  =  0.9  arid  A/rf  =  L5.  a)  =  30% 

A/if  =  0.268;  b)  ^i  =  60% 


in  tbe  antibackscat ter  direction  Cnly  for  a  low  value  of  when  the  surface  is  illuminated  by 
3-^  polarized  light,  which  agrees  with  the  curves  shown  for  the  infinite  periodic  grating.  On 
the  other  hand>  the  opposite  behavior  is  ohseryed  for  incident  p—  pGlarizatjon  (see  Figure  7).- 
Then  it  is  derived  that  this  kind  of  surfaces  keep  some  features  of  the  infinite  gratings.  If  we 
change  the  distance  between  adjacent  grooves  but  keeping  the  length  of  the  corrugation  fixed, - 
the  scattering  pattern  does  not  change  significantly,  and  the  peaks  remain  located  at  the  same 
directions  of  observation. 

3  Conclusion 

.  The  scattering  problem  from  rectangularly  shaped  and  perfectly  conducting  surfaces  was  solved 
in  the  case  of  oblique  incidence.  A  rigorous  modal  theory  was  applied  to  the  infinite  gratings 
as  well  as  to  the  finite  length  surfaces.  As  it  was  predicted  [10],  it  was  found  that  for  small 
deviations  from  the  classical  mounting,  the  efficiency  curves  exhibit  their  maxirnum  at  the 
antispecular  direction,  which  is  coincident  with  the  antispecular  direetion  in  in-plane  incidence. 
On  the  other  hand,  as  the  value  of  is  increased,  the  antispecular  direction  in  oblique  incidence' 
ceases  to  be  the  same  as  the  corresponding  to  classical  mounting,  thus  showing  its  peak  in  the 
direction  at  which  the  diffracted  order  is  antispecular  for  in-plane  incidence. 

Goncerning  the  finite  surfaces,  the  results  were  found  to  agree  with  those  obtained  for  the 
infinite  periodic  grating. 


4X6 


Figure  6:  Intensity  vs.  dot,  for  5— polarized  light  incident  upon  a  surface  having  3  grooves 
of  width  c/<  d  >=0.9  and  height  7i/<  d  >=L5.  a)  ^0  =  5%  A/<  d  >=0.31;  b)  ^{,  =  30' 
A/<  d  >=  0.268;  c)  ^^  =  60“,  A/<  d  >=0.155. 


Figure  7:  Intensity  vs.  for  p-polarized  light  incident  upon  a  surface  having  3  grooves 
of  width  c/<  d  >=0.9  and  height  hj<  d  >=1.5.  a.)  <i>Q  =  5®,  A/<  d  >=0.31;  b)  =  30®, 
A/<  d  >=  0.268;  c)  =  60®,  A/<  d  >=0.155. 
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WCTOR  PSEUDODIFFERENTIAL  EQUATIONS  IN 
EUECTROMASNETIC  DIFFRACTION  PROBLEM  ON  ARBITRARY  SCREEN 
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Ponzm  Bt*t«  Tmchnical  Unlvermltyj  Dept,  of  Mathefflaticsr 
Krasnaya  st.ii  40,  Penza  440017,  Rus«i«. 


1.  STATEMENT  T^ 

In  tha  -followins  Me  study  electrodynafflic  scattering  prdbleffl 
on  the  bounded  screen.  The  sur-face  of  the  screen  is  assuffied  to 
be  inf  1  ni  tel  y  thin  and  per  fee  1 1  y  conducted .  Let  O  be  the 
two— dimensional  bounded  suFfaee  in  with  the  smooth  boundary  XI 
outside  a  finite  set  of  si nguar  points.  Consider  boundary  value 
problem  for  Maxwell  equat ions 


CD 

rot  E  «■  iicH, 

■  r'ot-'.H 

— ikE 

in  R  \Q,  Im  k  0,  k  w  o 

C2) 

E,  *  -  0 

on  p 

C3) 

fdE 

r  |  —  -  t  IcE 
tdr 

1  *  i 

SH 

&r 

IkH  1  p  «•  r  l»  |x|  *►  OD 

<41  E,H  «  lJ^CR*) 

where  E^  are  the  tangential  electric  components  of  the  incident 
el  ectrofflagnetie  field  E?H**.  It  is  supposed  that  the  sources  of 
the  incictent  field  lie  away  from  the  screen  D  aindg  hence 

For  the  functions  E,  H  it  is  reejuired  that  E,H  e 

C*CK*\oj,E^€CCR*\^)*  The  static  case  k  «  0  is  not  considered 
because  it  leads  to  the  well  el  aboratlng  Di  richlet  or  fieumaiin 
scalar  problems  for  the  LaplacianClT. 

One  can  eent ion  that  i t  is  not  general  1  y  ppssi  bl  e  to  use 
the  class! cal  methods  of  layer  potent ials  in  screen  prob 1 ems» 
Fc^  cl cTsed  surfaces  the  profaleni  is  reduced  to  the  Fredhole 

integral  equations  of  the  secohd  kind  by  these  iii^thod^ 
closed  surf  aces  the  screens  have  two  sides  and  the  jump -^theorems 
for  layer  potentials  yield  the  dif-ferent  values  on  the  different 
sides  of  the  screen  ii^  leads  to  con  trad  ict  ion  with  the ' 
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continuity  of  the  incident  fi«ld. 

The  uniquenees  of  the  solution  to  M) -(4)  follows  frb« 
yfiffiQS— Ij.  ^  O,  k  ^  O  the  homogeneous  problem 

(with  Iq  «  0)  has  «t  most  the  trivlel  solution. 

The  problem  <1>  -  t4)  can  be  reduced!  to  the 

integro-diff erentlonal  equation 

<5)  |er*d  A  C  dlv  u  >  ♦  k*^  «  O 

where  A  denotes  the  integral  Operator 

I*  .Kpllklx  y])  _ 

(6)  Au  ■  — - - - -  uCy>  dS,  f  i  »4ni  kC  Ift  ««d 

J  N  -  yi  to 

div  is  th.  tangent tAldly^ 

Hsne  the  tangential  vector  u  is  the  so-celled  ctirrent  density 
on  a.  in  this  case  the  fields  E,HeC®(gR’'\£5)  are  abtsined  by  the 
formula  .  " 

E  "  Ik  Grad  A^t  dlv  u  )  ♦  k*  A^u  J,  H  «  Rot  A^u|  k  i*  0, 

I  r  expCik  i^^ 

A.u  -  --  1  dSi  X  •  C  > 

,  vjx  —  "VJ  ■  '  *  ■'*■  ■■•  .  , 

Tlw  purpose  of  this  work  is  to  extend  the  swthod  of 
pseudodifferential  equations  to  the  eiectrodynaetc  screen 
■^problem.' 

^  2.  PSEUPODIFFERENTIAL  EQUATIONS  FOR  SCREEN  PROBLEM 

Taking  C6>  into  account  the  equation  can  be  rewritten 
as  the  vector  pseudodifferential  equatioh  on  fflanlfold  O  C23 

prad  A^‘^  tdiv  u)  +  k*A^u3  |^  -  f 
Note  that symbol  of  the  equation  (7)  is 
'':d»gsnsrat^eda 

In  ordsr  s^^  aquation  OO  th®  Sobolev  space  W  is 

introduced  in  accordance  wi  th  the  asymptbti c  behavi our  of  ^he 
solution  u  near  the  edge  dn.  Define  the  space  of  distributions  M 
as  the  closure  of 

with  the- inner  product 

.  (UrV).^  +C  ^ 

Corollary  1. 

♦23 


1  . 

»  •  £  u  •  H  *ccb*  div  u  «  ‘CQ)  j-  ,wh«r» 

th»  Sobol •v  »p«c«*  H*CO>  l«  donotod^^  u*u«l  way  C33. 

Ths  space  W  has  the  following  isportant  property.  Let 
end  be  the  subspaces  of  W  such  that 

V-  {  “  •  "  '  “  '  ®  }• 

«^»»  £  u  «  w  i  rot 

where  dlV  and  rot  are  the  tangential  di  vergence  and  rotor  on  Cl. 
Corollary  2.  The  space  W  may  -be  decomposed  into  the  direct  sum 
of  the  closed  subspaces  W^and  W^t  W  **  e  W^. 

•  'Kow  one  can  ^ write  ; 

-:Lu*sl::£grad'\:AyCdiy-v,-M>fk* 
and  treat  C7)  eis  pseudodifferential  equation 

■■v-Herey''::C8>;.'iS.-ihter!prsted:-  :;i-n:-::/the-.-^Bensey-;bf'--distributi^^^^ 

By  using  the  method  of ; quadratic  tprms  one  can  show  that  it 
is  possible  to  consider  L  as  the  bounded  joperator  L*  W  4  W' , 
where  W^  denotes  anti  dual  space  for  Wi 

where  M  is  the  elpsed  surface  such  that 

The  operator  L  is  wellrdeflrted  on  the  space  Then  it 

is  extended  onto  W  by  the  the 

decomposition  of  operator  L  into  the  spaces  yW^  and  yields  the 
result  which  is  important  in  different  applt cat ionsl 
Theorem  1.  For  Im , k  ^  0,  k  WO  there  exists  exafetl y  one  solutiewi 

of  the  equation  C*?)  Cor  18)  j» 

(9)  L  tk)  U  ■  f  r  u  «  W,  f  e  W* 

Moreover,  it  is  established  the  limiting  absorbti on 

principle.  Let  Tm  k  S;  O,  k  W  0/  T^ 

operatorrfunction  L“‘Ck>>  W'  4  W  exists  and  depends  analytically 
wi  th  respect  to  k  in  the  nBighbourhood  of  every  real  point  k^w 
O.  '■This 'imp lies  .  ■  » 

Theorem  2,  Let  Im  k  >  0,  Im  k^  «  0,^  w  0  and  f  tk)  4  tik^) 
weakly  as  k  4  k^.Then  u(k)  4  uXkp)  strongly  as  k4k^, where  u(k) 

and  u(k^)  solve  the  problems  LCk>uCk>  *  fCk>»  LCkp>uCk^)=  ^  (*^0^* 
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3.  THE  BEHAVIOUR  QF  THE  FIELDS  NEAR  A  CORNER. 

Consider  a  singular  point  P  «  where  90  consists  of  two 

arcs  of  two  snooth  curves  intersecting  transversally  at  the 
singular  point.  If  c»(P)  denotes  the  interior  angle  of  the 
tangent  cons  to  O  at  Pg90  then  «(P)  -  rz  iff  p  is  a  regular  point 
and  0  <  a(P)  <  2n,  a(P)  n  for  singular  points. 

Let  f  e  Represent  f  in  the  form 

^  -  ^‘+  6  C“  (O),  dlv  f‘=0,  rot  f*-0. 

in  this  case  two  equations  from  (7)  are  obtained 

k*  =  f*,  u‘  € 

(11)  A*^*  u*=  f*,  ti*  «  U 

a  ■ 

The  regularity  .theory  for  the  equations  (10),  Ml)  is 
sufficiently  well  elaborated  in  C3,43;  The  application  of  these 
results  yields  the  values  of  the  critical  exponent  /3  for  the 
singularities  of  the  fields  |EI,  |Hli£  Cr  ^  near  the  corner  point 


P,  where  r  is  the  distance  to  the  point  Pi 
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THE  DIFFRACTION  ON  THE  THICK  DIPOLE 
A.V.Gochilin,  S.I.Emlnov 

Novgorod,  B-S-Peterbyrgskaia  ^1,  Novgorod  Ct.  University 


Let  the  arhitrery  clectro-oagnetlc  wave  Falls  on  the  dipole  ; 
As  a  result,  the  surface  electric  currents  are  directed  on  the 
surface  of  the  dipole.  These  current  have  density 

The  system  C13  is  formed  for  the  difinition  of  the  current 


&z  dz 


1  f  1  1  1^0 

+  k*D  +j  -  — 1  |a  dio'dz'®  -i  4  -  E 

^  adz9p*j  j  .  M 


^•g 

az  ’  ap* 

a 

a*af>«p' 

+a> 

COS  )Gjja  d^'dz  ^  = 

=  -jT, 


where  G  =  GCz 


S  (z 

nt 


,2')=  - -  GOs|^k»(z-z' )  I**-  1  ka|K^^  J**-  1  ka| 


Expand  function  E^,  in  to  series  of  the  Fourier's 

types  . 

Zn 

+00  r 


lAz,f,y  =_L  V 
/  . 


I  (z>e  j  (z',f>')e*^“^  adf>'=  I  <z') 
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and  bring  the  ey&tera  <2)  to  tho  Indcp^ndont  systems 


in 'IS 


—  +  IS  4-1"*  _i5 

4  “  1> 


r^l 


■  -11 


k  fj 


-im  ^ 


4  i”  r;!*  s  4  ^ 


— «D  ^  '•'00 


-  - 1 J :  E» 

k  «  ^ 


where  z=lt,  2'=lt»,  l=kl,  a=ka  . 

Turn  froa  function  i“(1t),  iNitJ  to  news 

=  p^<T)  u(t).  Ip  (It)  =p^(t)  v(t)  < 

C^oise  the  spaces  in- which  system  (4)  is  invecti gated.  We*ll 
+  ind  function  u(t)  in  the  gilbert  space  L  C-1,13  with  basis 

2,p^ 


V  Ct) 
n 


‘  I  "" 

-  4  •  —  sin 


p  (t)  ,  fl 


(n  arccosT),  n  *  1,2,... 


and  function  v(t)  in  the  space  L  C-1,13  with  basis 


Ct)  = 
n 


Ji/n 


n=l  I 


4  2/fT  cost  (n-1 )  arccoBT  1  ,  n>2  . 


The  following  theorem  is  proved 

THEOREM.  The  system  C4)  is  equivalent  of  the  infinite  sis 
tern  of  Fredholh  of  the  second  kind 

(  I  f  «  )x  =  y,  (, 


where 


I,M  *  1,  ♦I,  -  I,  •  1 


Ttystea  CTO  is  solvetf  by  aethod  of  the  truncation,  the  serie-^ 
tyf  the  calculation  were  curried  out  for  the  case  of  incidence 
of  the  plane  cylindrical  wave  on  the  dipole. 

jn  this  case  the  two  problems  is  solved.  At  firstp  It  is 
investigation  of  the  effectivwess  of  the  method.  By  the 
difinltiwi  of  the  currents  the  stability  comes  when  the  3  -  4 
basic  function  in  the  wide  diapason  by  the  changes  of  the  entrance 
parameters  are  taken  into  account.  The  effectiveness  Is  as  in  the 
standart  problems  of  di fraction  of  E  and  H  -  polarizations  on  the 
band.  At  second.  It’s  the  investigation  of  the  currents  and  the 
diagrams  of  diffusions  depending  on  the  radius  and  lenght  of  the 
dipole.  Something  of  this  calculation  are  shown  on  the  figures. 
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WAVE  ATTENUATION  IN  RECTANGLE-GROOVE  GUIDES 

Alexander  Ye.  Svezhentsev 
Institute  of  Radioohvsics  4  Electronics 
Kharkov  310085,  Ukraine 

Groove  guidies  are  low-loss  single-mode  waveguides  at’ millimeter 
wavelengths  C13.  The  proposed  centrally  symmetric  rectangle-groove 
guides  are  of  interest  because  only  one  of  the  geometry 
■parameters,  namely,  a  groove  depth,  is  fixed.  This  makes  possible 
retunabllity  of  such  a  guide  by  a  simple  plane-parallel  shift  of 
the  walls.  The  disadvantage  is  that  for  low  propagation  loss  to  be 
achieved,  the  guide  transverse  overall  dimension  is  to  be 
impractically  large.  The  problem  is  to  find  the  balance  between 
pr-acticable  dimensions  and  minimum  loss. 

The  Problem  Formulation 

The  boundary-value  problem  of  finding  the  cut-off  frequencies 
for  an  axially  symmetric  rectangle  groove  guide  <ASG>  (Flg.la)  and 
centrally  symmetric  rectangle-groove  guide  CCSG)  (Fig.Za)  is 
considered.  The  analysis  is  based  on  a  moment  method  solution  of 
the  spectral  problem.  Expanding  the  trigonometrical  function 
scries  in  terms  of  Gegenbauer  polynomials  £21  one  can  reduce  the 
solution  to  the  system  of  linear  coupled  algebraic  equations 
(SLAE>  which  yields  the  cut-off  frequencies  and  natural  wave 
fields. 

Design  Algorithm 

The  design  algorithm  is  starting  from  specifying  the  L/C 
value  and  the  field  attenuation  q  over  waveguide  arm  distance. 
Then . the  normalized  resonant  frequency  can  be  approximated  by  the 
formula  k^c=  (X/J^)V  i  -  where  D»L/c.  Once  g/c  has  been 

giveHf  the  guide  normalized  overall  transverse  dimension 
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0/c*=2t<g/c+D)  is  known.  From  the  SLAE  one  finds  groove  depth  a/c 

■A  ■ 

and  then  the  attenuation  factor  normalized  ^  •  Specifying  c  one 

finds  the  attenuation  factor  o6  . 

Results 

The  outlined  algorithin  was  used  in  designing  ASG.  Transverse 

A  . 

overall  dimension  G/c  as  a  function  of  attenuation  factor  was 

calculated  for  L/c  from  4  to  5  CFig.lfCl.The  optimum  dimensions  of 
ASO  given  in  [1]  are:  g/c»=6.4;  a/c~0e6.  For  g~100,  L/c  is  to  be  S. 


Fig.l»  <a>  geometry  of  axially  symmetric  rBCtangle-groove  guide; 
<b>  normalized  groove  dimension  g/c  of  the  guide  versus  groove 
depth  a/c  at  the  second  mode  critical  condition;  <c>  normalized 
overall  jjimension  ^/c  as  a  function  of  normalized  attenuation 
factor  =  o6*<2c>^' 10^  «  where  ^  is  the  attenuation  factor 

in  DB/M. 
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Th«  oMain«<!  results  show  that  at  the  L/c  decrease  one  can 
achieve  falling  attenuation  factor  with  the  transverse  overall 
dimension  unchanged*  In  so  doing  g/c  increases*  In  this  case  the 
optimum  g/c  is  near  a  threshold  value  corresponding  to  the 
critical  condition  for  the  next  order  mode  propagation* 


In  this  connection  for  the  second  order  mode  the  critical 
values  of  g/c  were  calculated  depending  on  a/c.  A  basic  guideline 
in  deciding  which  value  of  g/c  is  optimal  is  waveguide  single-mode 
requirement  <Fig*l,b>.  - 

With  the  devised  design  algorithm  the  CSO  cut-off  frequencies 
of  three  lower  order  modes  versus  normalized  height  a/c  of 
the  guide  step  were  calculated  and  the  lower  mode  field 
distribution  are  mapped  <Fig.2c>.  As  seen,  the  lower  order  HI  mode 
is  of  interest. 

In  :Fig.2,d  CSG  transverse  overall  dimension  G/c  is  plotted  as 
a  function  of  attenuation  factor  cL  for  lower  order  mode  for 
^ome  values  L/c.  It  was  shown  that  the  optimum  dimensions  may  be 
determined  using  dependences  of  critical  values  of  g/c  and  a/c  for 
the  second  propagation  mode  CFig«2b>. 

Conclusions 

A  new  type  groove  guide,  namely,  centrally  symmetric 
rectangle-groove  guide  was  proposed  and  examined. 

With  the  proposed  design  algorithm  the  optimum  relations 
between  transverse  overall  dimensions  and  ohmic  loss  for  both 
centrally  symmetric  rectangle-groove  guide  and  axially  symmetric 
one  were  -first  calculated. 
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Propagation  of  Super- Wideband  Signals  throngb  Waveguides 
Oieg.  ATtet>^kov 

Dept.  Radiophysics,  Kharkov  University,  310077  Kharkov,  the  Ukraine 
Fax  7-0572-476506  /  . 

The  background  of  present  theory  is  a  new  approach  which  w-e  have  advanced  recently 
to  solve  EM  field  boundary-value  problems  in  time  domain  [1].  The  vectors  of  the  desired 
'EM  field  can  be  presented  as  a  sura  of  2-D  projections  to  w^aveguidc  cross-section  plane,  and 
one-component  vectors  directed  along  waveguide  axis  Ozy  namely 

J5  =  Etr  +  If  =  J5f«r  +  (1) 

In  a  particular  case  of  TM-modes  these  components  can  be  written  as 

itr  =  V^$(r)^F(z.O.  =  (2) 

=  ^?x  =  0  (3) 

where  f  is  2-D  position  vector  in  cross-section  5  bounded  by  contour  X,  Vi^  is  transversal 
nabla-operator.  Scalar  function  ?^(f)  is  a  Neumann-type  eigenfunction  satisfying  a  problem 

(V?,  +  K*)t{r)  =  0,  £^f'U=0;  K=/£„  {rn  =  1,2,3...)  (4) 

Another  scalar  function  of  (2)  is  solving  the  Klein-Gordon  hyperbolic  equation  as 

+  '■(*.<)  =  ')  (5) 


The  group  theory  enables  one  to  separate  variables,  based  on  11  2-nd  order  symmetric 
operators  which  yield  11  new  pairs  of  variables  [2],  As  an  example  we  give  only  one  of  the 
variety  of  solutions 

=  d>N;  ■?■(*.<)  =  0.  rf<W  (6) 

where  A  is  a  constant,  v  is  the  parameter  of  variables  separation,  is  the  Bessel  function. 

Appying  the  Fourier  transform  to  (6)  one  obtaines 


E{z,  tjj)  =  B 


tijOc 


U)  + 


(7) 


where  B  is  a  constant,  ijJ  is  the  frequency,  u)c  =  Kc  ^  cutoff  frequency.  This  equation  demon¬ 
strates  that  the  solution  (6)  is  itself  a  signal  of  remarkably  wide  band.  Besides  of  it,  a  whole 
variety  of  super-wideband  signals  can  be  obtained  as  linear  combinations  of  (6). 


[1]  O.A.Tretyakov,  Essentials  of  Nonstationaxy  and  Nonlinear  EM  Field  Theory,  in  M.Ha- 
shimoto,  MJdemen,  O.A.Tretyakov  (Eds.),  Analytical  and  Numerical  Meikods  in  EM  Wave 
Theory,  Tokyo:  Science  House,  1993,  123-145. 

[2]  W.Miller,  Symmetry  and  Separation  oj  Variables^  Massach.:  Addison- Wesley,  1977. 


434 


ANALYTICAL  REGULARIZATION  OF  SURFACE-  INTEGRAL  AND 
INTEGRO-DIFFERENTIAL  EQUATIONS  IN  DIFFRACTION  THEORY 

Yu.  A.  Tucdxkm 

InstiLuie  of  Radiophysics  and  Electronics 

of  the  Ukrainian  Academy  of  Sciences 

12,  ac.Proskura  st.,  Kharkov,  310085,  Ukraine 
(Tel:  (7^0572)-44^5-56;  FAX:  (7-0572^^^^ 

The  general  methodolo^cal  principles  of  numerical  solution  of  the  wide  range  of  boundary  v^ue  prob¬ 
lems  (BVP)  of  diffraction  theory  are  discussed  here.  The  described  procedure  of  analytical  regularization 
reduces  equivalently  (in  mathematical  terms)  an  initial  BVP  to  the  equation  (/  +  H)x  =  6  of  the  second 
kind  with  compact  operator  H  in  the  Hilbert  space  As  is  known,  such  an  equation  is  solvable  with  any 
preassigned  accuracy  by  the  truncation  method.  The  solution  procedure  for  truncated  to  the  reasonable 
dimension  algebraic  systems  is  numerically  stable  and  offers  certain  advantages  over  many  other  techniques 
such  as  method  of  moments,  finite  differences  method,  etc. 

1 .  The  i^eguLarization  term  is  used  here  in  traditional  sense  of  functional  analysis.  Let  an  operator  A 

be  given  in  a  pair  of  functional  spaces.  It  is  required  to  solve  the  equation  of  the  first  kind  Az  =  b,  where 
fr  and  r  are,  respectively,  known  and  unknown  elements  of  these  spaces.  Take  the  pair  of  operators  Lo,72o 
(being  a  two-sided  regularizator)  in  the  form  LqARo  =  I  -4- if,  where  /  and  H  are,  respectively,  identity 
and  compact  operators.  Then,  under  relevant  assumptions,  the  initial  equation  of  the  first  kind  is  equivalent 
to  the  equation  of  the  second  kind  (7  -t-  H)x  =  Lo6,  where  z  ^  is  the  new  unknown  element  of  the 

corresponding  space. 

By  the  term  of  analytical  regularization  (AR)  we  mean  the  constructive  development  of  the  operators 
Lo  and  Ro  as  well  as  the  adequate  BVP  formulation  including  the  proper  choice  of  the  relevant  pair  of  the 
functional  spaces.  By  the  simplest  example  we  illustrate  below  the  central  ideas  of  the  approach  which  are 
complicated  with  BVP  complexity.  Being  limited  by  the  abstract  volume,  we  shall  resort  to  rather  informal 
presentation  style. 

2.  Let  the  Greenes  function  G{q,p)  of  the  Helmholtz  equation  be  given  in  a  two-dimensional  (maybe 
unbounded)  domain  Q  so  that  G(g,  p)  satysfies  both  in  g  and  p  the  equations 

(A,+*»)C(?.p)=(A,  +  it*)G{,.p)  =  %  (1) 

where  7(g  —  p)  is  the  delta  function.  Besides,  G(g,p)  satisfies  in  g  and  p  the  boundary  conditions  of  the 
first,  or  second,  or  third  kind,  or  -  for  an  unbounded  domain  -  the  corresponding  radiation  condition  of 
Sommerfeld  or  Reichardt,  etc. 

Let  a  contour  L  C  Q  be  a  one-bounded  piece  of  a  smooth,  simple,  closed  contour  5,  i.e.  L  C  5,  S  C  U, 
S  U  dQ  =  0  (maybe  L  =  5  ).  The  2T^periodically  smooth  parametrizalion  17(0)  =  (jc(0),y(^)),^  €  ^ 

the  contour  ^  is  supposed  to  he  given,  and  the  vector-function  ^[9)^0  €  par«imetrizes  the  contour  L 

for  the  certain  d  e  (0,x];  r(^),  y(Zl)  are  the  Carthesian  coordbates  of  a  point  i7(^)  €  5  for  any  $  £ 

and/(ff)  =  {[xW  +  [l/Wn‘'*>0.  fl€l-x.4 

For  any  “not- too-much-singular’*  function  p(p),p  €  L,  we  define,  in  the  ordinary  way,  single  and  doublc- 


layer  potentials  as 

L 

*en; 

(2) 

L  ■ 

■  1  €  a\s. 

(3) 

where  rip  is  the  outward  unit  normal  to  the  contour  S  at  a  point  p€  5.  In  the  sufficiently  small  vicinity 
the  contour  5  the  normal  and  tangentiad  derivatives  of  these  potentials  are 
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Direct  anc^  Umiting  valu^  (if  any)  of  a  function  f{q),q  G  S  on  the  contour  5  are  denoted  as 

M  =  m.9eS-.  f^(q)=ht^^  (5) 

Direct  and  limiting  values  of  integral  IransformationK  (2)-  (4)  are  denoted  similarly. 

3.  Let  a  function  q  6  D  be  the  incident  field.  It  is  required  to  find  in  the  relevant  functional  space 

the  scattered  field  which  satisfies  the  homogeneous  Ilelmholtr.  equation  in  ft,  the  boundary  condition 

which  the  function  satisfies,  and,  finally,  the  corresponding  boundzu*y  condition  at  the  contour 

X  {see  {l}-{4]). 

We  start  with  the  simplest  Dirichlet  problem  €  L  resulting  (see  [l)-[4])  in  the 

integral  equation 

in  the  unknown  function  Zi>  (p).  It  is  easy  to  prove  that 

C(,(%iKr))=i|Mj25in^^^  (7) 

where  is  a  periodically  continuouSj  together  with  its  first  derivatives,  function.  Its  second 

derivatives  have  only  logarithmic  singulariti^  when  0  =  r  mod{2w),  Eq.(6)  is  equivalently  reduced  to  the 
integral  equation  of  the  first  kind 

■^J^zir}^n^ini^+P<^>(0,r^^d  (8) 

where  z(r)  =  f{T')Zx>(i/(T'))  is  the  unknown  function.  Expand  the  functions  r(r),  r),  r  £  [— w,  #] 

in  the  Fourier  series 

CO  ■  ■  oto  ■  '  oo 

z(r)=  53  (9) 


OO  ns^co 


For  simplicity,  consider  the  case  L  =  5  (i.e.  d  =  x).  Putting  (9)  into  (8)  and  using  the  orthogonality  of 
the  system  in  we  obtain  the  infinite  algebraic  system  of  the  first  kind  [4] 

CO  ■ 

{l-Sto)rr^Z4-i  p,,-n  Zn=9*,  s=Q,±l,±2,.,.,'  (10) 

where  ^  is  the  Kronecker  delta,  y,  is,  within  a  constant  factor,  the  sth  Fourier  coefficient  of  the  function 
$  €  [~7r,w],  and  r,  =r  nia2:{l,  By  changing  the  unknowns  i,  =  and  multiplying  (10) 

by  r,  we  obtain  in /j  the  equation 

(J-f/f)rr=y,  z,y€/2v 

with,  respectively,  the  unknown  and  known  vector- columns  2  =  |fn}?L-oo  9  =  {^nPnlSJL-ooi 
matrix  operator 


=  (12) 

It  may  be  shown  that  the  conditions  i,y  €  h  are  relevant  to  the  rigorous  Dirichlet  formulation,  the  operator 
is  dDmpact,  and  iiipreover 
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E  E  a+W)(»+W)iM’<co-  (13) 

«=;<-'OOn=~eo 

Thus  in  the  initial  BVP  is  reduced  to  the  equation  of  the  second  kind  of  the  form  (11),  (13).  This 
equation  solution  is  a  relatively  simple  problem  provided  that  eq.(ll)  has  a  unique  solution.  This  is  valid 
when  the  initial  BVP  has  this  property  and  eq.{n)  is  equivalent  to  this  BVP.  In  the  considered  case  X  —  5* 
the  initial  BVP  falls  into  two  ones:  for  the  domain  *nt(S)  enclosed  by  the  contour  S,  and  for  the  domain 
cxi{S)  =  fi\(5  U  *ht(5)).  It  is  well  ktiown  that  eqs.(6)  and,  consequently,  (11)  are  not  equivalent  to  the 
initial  BVP  within  the  domain  cjri(5)  if  L  =  S,  and  the  k  value  coinsides  with  the  domain  ini{S)  resonance 
[5].  This  drawback  is  easily  overcome  by  replacing  the  function  G(5,p)  for  the  relevant  Green’s  function 
dissipative  in  int  (5)  [5]. 

When  X  =  5,  the  two-aaded  rcgularizator  is  easily  constructed  when  going  from  (10)  to  (11):  Lo  ‘==  Ro  = 
T,  where  the  operator  T  =  is  diagonal.  In  the  less  trivial  case  X  ^  5  (and  d  <  ^r)  eq.(S)  is 

reduced  [1-4]  to  the  special  dual  series  equations  which  AR  method  is  described  in  [6], [7].  Then  the  initial 
BVP  (with  X  ^  S)  results  in  the  equivalent  equation  of  the  type  (11)  (see  [li-{3]). 


4.  For  the  Neumann  boundary  condition  M  q  e  f..  instead  of  (6)  we  have  the 

cm  an^  .  ' 

equation 


qei-,  Zff(p)  =  u‘H(p)-ir'^‘>(p),  pel. 

It  can  be  shown  [8]  that  this  equation  is  equivalent  to  the  integro^differential  equation  of  the  form 


4  , 

dr  +  /zAr(r)Q«(5,r)dr  =-/(»)  [?^^]  ^ee(-d,d).  (»5) 

4  I  J,=,(«) 

where  r//(r)  =  2r^^(i/(T))ir  6  [~d,  d]  is  the  unknown  function,  and  the  function  (5,  r)  has  only  loga.- 
ritbmic  sigularities  if  and  only  if  0  =  r  mod(2ar).  In  the  both  cases  X  =  5  and  L  ^  S,  the  AR  methods 
for  eq,(15)  are  actually  the  same  as  for  eq.{8).  The  obtained  equation  of  the  second  kind  exhibits  in  Ij  the 
qualitative  properties  identical  with  those  of  eq.(ll). 

5.  Lei  consider  in  the  domain  ext (S)  the  diffraction  BVP  of  the  third  kind 

+  g€5.  (16) 

where  Fo(g),a(q),  fi(q)  are  smooth  given  runctions;  la(?)|  +  |^(7)j  ^  0,j  e  S.  Using  (2)-(4)  the  integral 
representations  of  the  functions  W'(g)  =  and  V(q)  =  may  be  constructed.  Putting 

these  representations  into  (16)  we  obtain 

ka(-QlV  +  PV)-i-/S(-dnQ(*^W  +  d^PV)=^Fo.  (17) 

where  the  argument  g  e  5  is  omitted.  Eqs.(16),(17)  may  be  regarded  as  a  system  of  equations  in  the 
unknown  functions  W(g)  and  V(g),  In  the  regular  case  1^(9)]  >  0,gG  S,  using  (16)  one  can  eliminate  the 
unknown  function  V(v)  from  (17),  Then 

[»nQ(*>mM  +  lPf^(q)-Fi(t),  tes,  (18) 

where  ^1(7)  is  known  function,  R  is  integral  operator  with  tlie  rather  smooth  kernel.  The  AR  procedure 
for  eq.(14)  can  be  e^ily  generalized  for  eq.(18)Vand  this  Ls  the  way  to  reduce  (18)  to  the  equation  of  the 
type  (11)  with  estimate  (13).  In  the  case  |a(5)|  >  0,  g  €  5  the  analogous  equation  in  the  unknown  function 
y(g)  is  easily  obtained.  But  when  c(g)  =  |j5(g)/i:o(g)|  <  1,  both  the  initial  BVP  and  the  last  equation  ate 


2si. 
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singularly  perturbed  in  reference  to  the  Dirjchlet  problem  with  P{q)  =  0.  The  main  part  of  this  singular 
perturbation  'ive  managed  to  reduce  to  the  ordinary  singular  difTercntial  equation  of  the  second  order  -  with 
a  small  factor  of  the  senior  derivative  -  for  the  standard  solution  approach  including  analysis  of  the  solution 
asymptotics  with  c  0  to  be  employed.  As  a  result,  the  initial  BVP  was  reduced  to  the  equation  of  the  type 
(11)  with  the  compact  operator  H  regular  when  max|f(j)j  —►  0,  the  perturbation  theory  series  in  powers  of 
c  was  constructed. 


6.  Take  the  contour  5  as  the  interface  between  two  media  with  dlfTcrcnt  dielectric  and/or  magnetic 
constants  and,  consequently,  different  wave  numbers:.!:  =  ib*  for  i7j!(5)  and  k  =  for  exi{S).  The  scattered 
field  U*{q)  must  satisfy  homogeneous  Helmholtz  equation  in  the  both  domains  with  the  corresponding  k. 
The  boundary  conditions  at  S  are  of  the  form 

+  geS;  (19) 

+  5  €5,  (20) 

where  a*, a*,/?*, ^  are  the  constants  determined  by  the  media  parameters,  /’(?)» C^(?)  are  known  functions 
determined  by  the  incident  field.  The  AR  procedure  is  based  on  the  above-staled  ideas.  The  values  (2)-(4) 
can  be  individually  deduced  for  int(*9)  and  eit (.9)  domains  with  k  =  fc*  and  !:  =  Jfc*,  respectively  (see  (1))- 
The  substitution  of  the  above-mentioned  integral  representations  of  mid  dU*^^^/dn  into  (19),  (20) 

yields  two  equations  of  the  type  (17).  The  elimmation  of  and  (19),(20)  gives  the 

coupled  system  of  integraJ  and  integro^difTerential  equations.  If  X  =  a*0^  -t  ^  6  /  these  equations  have 
actually  the  same  main  singularities  that  eqs.(6)  and  (H),  respectively.  The  constraint  A  ^  0  is  adequate  to 
the  physical  formulation  of  the  problem.  Then  we  result  in  the  equation  of  the  (11)  type  with  estimate  (13) 

(this  equation  is  more  conveniently  written  in  the  space /2  ® /2)* 

Let  conditions  (19), (20)  be  given  at  and  the  Dirichlet  or  Neumann  condition  at  X  as  if  a  portion 
of  S  be  of  metal.  Then  the  AR  procedure  seeks  to  discover  the  additional  unknown  function  on  X 
this  function  we  obtain  the  coupled  system  of  equations  of  the  type  (17)  on  the  contour  5  and  the  equation 
of  the  type  (6)  or  (H)  on  Z-.  The  regularization  of  the  obtained  equations  is  realized  using  the  combination 

of  the  above-stated  methods  to  yield  the  equation  of  the  kind  (11)  in /2  ©  4  ® /i- 

7.  If  we  deal  with  a  single-periodicity  system  of  the  contours  that  n  5/+i  =  0,  then 

for  all  the  above- described  boundary  conditions/a  BVP  is  translated  to  the  correspoding  BVP  for  a  single 
contour  S  =  ,9o  in  the  certain  domain  The  regularization  procedure  is  carried  out  as  before  but  with  a 
quasiperiodic  Green’s  function  (see  (9]).  If  5  is  a  smooth  infinite  single-periodicity  contour,  that  any  one 
of  the  above-considered  B  VPs  is  translated  to  the  corresponding  BVP  for  a  single  period  of  the  contour  5. 
Note,  the  unknown  functions  and  kernels  of  integral  transformations  (2)-(4)  are  riot  periodic  This  presents 
additional  difficulties  which  can  be  overcome  with  the  method  described  in  [10], [M].  As  a  result,  Ul  tbe 
considered  B VPs  are  reduced  to  the  equation  of  (II)  type  with  estimate  (13). 

8.  It  is  possible  to  think  of  all  the  above-mentioned  structures  as  the  arop-crossrsectlonal  views  of  the 
corresponding  cylindrical  (uniform  in  r)  structures  which  may  be  considered  as  open  or  volume  waveguides 
extended  along  the  z-axis  and  investigate  the  spectrum  of  normal  waves  dependent  on  z  like  .  Properly 
speaking,  these  problems  are  the  subject  of  "spectral  theory".  For  dielectric  and  metal-dielectric  structures 
these  problems  correspond  to  more  complicated  boundary  conditions  describing  the  poiarizations  coupling 
and  involving  not  only  normal  but  tangentialderivatives  of  the  scattered  fields  too.  We  have  constructed  the 
AR  procedures  for  the  spectral  problems  for  all  the  above-described  structures.  As  a  result,  these  spectral 
problems  are  equivalently  reduced  to  the  homogeneous  equations  of  the  type  (11)  where  H  is  compact 
analytic  operator-function  of  k  and  A  which  belong  to  the  corresponding  Riemann  surfaces.  This  forms  the 
cflficient  basis  for  numerical  solving  and  investigation  of  the  qualitative  features  of  these  spectral  problenw 

(scemim- 


9.  Numerical  experiments  demonstrate  high  efficiency  of  the  presented  methods.  For  this  see  ISL I9L 

mm-m-  ^ 
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TWO-rDIMENS ZONAL  BOUNDARY  PROBLEM 
FTO  UNIFORM  DIELECTRIC  STRUCTURES 

Alexander  Tyzhnenlco 

Kharkov  Enqineerinq  Economic  Institute 
Lenin  ave . 9A » 310002 , Khar kov , Ukraine 


ABSTRACT 

The  scaf  terinq  of  eiectro/naqnetic:  E— q  oia/^i^ed  weaves  by  an 
•arbitrary  di&lf?ctric  sea  tt^r^r  Is  described  by  ti^o—tiiinensional 
Fredbolm  eQuation  of  the  second  kind  kniith  i^eak  sinQuIarity,  A 
method  of  decreasinp  the  dimension  of  the  Fredholm  eejuation  is 
proposed^  The  boundary  conditions  satisfaction  leads  to 
Fredholm's  epuation  of  the  1-st  kind  an  the  h/hole  real  axis  or  to 
a  system  of  those  epuat ions ^  It  depends  on  the  sc&t ter er's  form. 

The  Maxwell  equations  are  fomiulated  as  an  inteqrai  equation 

nis  ■■ 

Ecp)  =  etp)  +  ti) 

where^ 

E(^'>=6(^)E:Cp) ,  £^(P)=6cp)E^(P),  fc^-w^e^/c^.  X=k^5/Ai,C=(e-s^) . 

€CG  )  is  an  out^idel inside )  permittivity,  E(p)  is  an  incident 
o,  ' 

wave  and  U=U  =i.  In  this  equation  ©(p)  is  denoted  the  charac- 

r  Q 

teristic  function  of  the  scatterer , with  is  one  inside  D  and  zero 
outside  one. In  order  to  simplify  notation  the  inteqration  ranqes 
will  be  omitted  in  all  Ci^sesy  where  the  range  is  R^or  R^. 

Equation  (1)  belongs  to  a  class  of  inteqrai  equations  with 
translation  kernels-  Solvinq  conditions  where  discussed  in  123 
for  the  one-dimensional  case. 

But  in  the  two-dimensional  case  the  inteqrai  operator  I-Ar 
has  the  in  f  in  i  te-d  imensiona  I  nul  l  -space  and  equa  tion  X-27EA.h  ( 98)=^^ 
has  the  uncountable^set  of  solutions.  Here  the  Fourier  transform 
is  denoted  by  small^letters.  ffor  Hankel  function  h(d2)  is  well 
known.  The  set  of  solutions  of  the  equation 

ae^=k^s  (k^=k^S) 

may  be  defined  as  36^=^,3C^=i f k^— £  )  and  32^^='— I kj^“^  ) 

because  of  the  eigenfunctions  set  of  the  integral  operator  may 
be  written  as 

J  exp(-i£y  ±' 

J"  exptif  k^-i^)^^^y  -iiz)  d^- 
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C2) 


J impossible  to  receive  unipue  solution  ot  the  eQuatiorr 

C2)  in  the  whole  sp^cc  because  of  the  constancy  o f  the 

0(p)  inside  D  it  is  possible  to  perform  the  solution  for  peD  as 
the  sum  of  the  regular  solution  Rtp)  and  a  system  of  eigen¬ 
functions  (2); 

E(P)=R(?)+J(J)^{P).  (3) 

The  unknown  functions  3*'®  defined  from  boundary 

conditions.  Every  set  of  functions  (J)^(^r)  is  dense  in  I  ^ 
because  of  the  solvability  in  the  integral  equation  of  the 

1— st  kind  such  as 

J  A^(|)  expt-i|y-i(kJ-£^)^'‘^  z  )  dg  =  f(^)  C4) 

with  the  bounded  continuous  kernel  and  the  continuous  right 
side.  That  is  why  it  is  possible  to  satisfy  any  boundary 
Eonditions  with  help  of  functions  such  as  (2).  It  is  easy  to 
prove  that  this  functions  satisfy  the  Maxwell’s  equations  inside 

D.  ■ 

The  regular  solution  inside  D  in  the  class  is  founded 
by  Fourier  representation  r 

Rip).  =  E^(P)  +  X,J  P^p'^DE^Cp")  dpT  131 

It  is  necessary  to  remark  that  if  the  boundary  has  only  non- 
singular  points  then  regular  solution  may  be  omitted.  In  the 
opposite  case  the  regular  solution  will  give  so  call  •’edge 
wave  ** . 

Outside  the  scatterer  the  electric  field  is  defined  by 

where  is  obtained  from  (3).  Unknown  functions  A^(£)  are 

defined  from  the  boundary  condition 

v.t‘5’  =  <7> 


One  of  the  important  applications  of  the  above  described 
method  is  the  scattering  of  an  arbitrary  wave  by  a  semisoace  z  ^ 
z{y)  with  a  smooth  boundary.  In  this  case  the  electric 
field  inside  D  may  be  represented  as 


lot'?'  • 


and  Ifs  ’sub^titutic3n  into  the  boundary  condition  leads  to 
the  in teqra I  equation  for  A^(^)s 


J  KCy,|)  tl|  =  E^Cy,2(y)), 


(8) 


where 

K4y*  |)=Cl-^(yi.  )exp(-l^y-i(kj^-r  )  zCy)) 

and 

o(y,|)  =  J  «1\ 

sCy+tj^X-zty ) 

t  . 

For  the  plane  boundary  Cz2:0}  the  equation  (8)  may  be 
solved  analytically  in  the  class  L^-  Electric  field  inside  D  is 

defined  by 


JhJ 


Ck  T) 
o 


exp  ( 


.  ..2  t2,l/2 


- -  f  ' 

2/7C  y  ^ 


kj 


eKp(-i5y-i {k^-|^)z )d^ 


where  f ( ^>=  F(E^ C y ^0 ) )  is  the  Fourier  transform  of  E^{yv0). 

It  is  important  to  remark  that  the  error  problem  of  the 
approximate  solution  of  the  Fredholm  equation  of  the  1-st  kind 
is  reduced  because  of  the  functions  ( ^;)  are  inteqrated 

further  on  in  the  final  expressions. 
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A  HYBRID  APPROACH:  THB  lOTEGRAL  EQUATIONS  METHOD 
AND  THE  PHYSICAL  THEORY  OF  DIFFRACTION 

Evgeniy  Vasil ’ev  and  Vyacheslav  Soloduldiov 

Moscow  Power  Ingineering  Institute 
Krasnokazarmennaja  14,  111250,  Moscow,  Russia 

Abstract 

The  physical  theory  of  diffraction  (PTD)  is  based  on  the 
analytical  solution  of  some  canonical  problems,  the  number  of  which 
is  very  limited.  The  integral  equation  (IE)  method  has  been  used  for 
solving  a  very  large  class  of  new  canonical  problems,  such  as 
dielectric,  multilayered,  partially  coated  and  other  objects, 
incli^ng  the  structures  with  surface  waves.  It  permits  us  to 
considerably  extend  the  field  of  application  of  PTD.  The  technique 
is  developed  and  applied  to  a  variety  of  two-  and  three-  dimensional 
objects  in  order  to  illustrate  the  PTD  IE  approach  and  its 
validity. 

I.  Introduction. 

This  report  is  devoted  to  the  development  and  application  of  a 
‘hybrid  approach  where  the  possibilities  of  both  numerical  and 
asymptotic  methods  are  combined  to  solve  a  wide  range  of  new 
problems  of  electromagnetic  wave  diffraction.  As  it  is  well  known, 
the  numerical  ^  methods  are  in  mos  t  common  use  in  the  resonance 
frequency  domain  where  the  characteristic  dimensions  of  a  scatterer 
is  Of  the  order  of  a  wavelength.  In  principle,  the  methods  applied 
to  arbitrary  shape  bodies  can  be  developed.  Indeed,  it  is  not 
^ffioult  to  reduce  a  boiindary  value  problem,  for  example,  to  the 
integral  equation  (TE).  This  equation  can  be  solved  numerically  by 
means  of  reducing  it  to  the  system  of  linear  algebraic  equations 
(SLAE). 

While  considering  the  radar  cross-sections,  the  high  frequency 
domain  is  more  interesting.  The  application  of  numerical  methods 
developed  for  the  resonance  domain  is  not  effective  here  because  the 
computational  difficulties  (computer  time  and  memory)  increase  as 
the  sixth  power  of  the  frequency.  The  special  high-frequency 
asymptotic  techniques  have  to  be  used  when  the  scatterer  is  large 
oonqjared  to  the  wavelength.  The  physical  theory  of  diffraction  (PTD) 
[1,2)  and  the  geometrical  theory  of  diffraction  (GTD)  [3]  are  widely 
ixsed.  Both  of  these  theories  are  not  closed.  They  need  some 
additional  information  from  the  solution  of  canonical  problems, 
describing,  the  most  important  properties  of  the  diffraction 
processes  in  the  vicinity  of  surface  irregularities.  Practically, 
PTD  and  GTD  are  based  on  the  solution  of  the  same  canonical  problem 
of  diffraction  by  a  perfectly  conducting  straight  wedge.  But  they 
employ  different  information  out  of  the  canonical  problem  solution, 
and  have  different  forms  and  different  potentialities.  GTD  use  only 
the  ray  asymptotic  (''diffraction  coefficients")  and  has  some 
wellknown  restrictions  in  its  application.  However,  in  PTD,  the 
distribution  of  surface  currents  (first  of  all,  "nonuniforra" 
components)  on  the  wedge  surface  is  taken  from  the  solution  of  the 
canonical  problem.  Since  the  current  is  a  source  of  the  scattered 
field,  PTD  allows  one  to  calculate  the  fields  everywhere. 

Unfortunately,  the  number  of  canonical  problems  which  can  be 
solved  analytically  is  very  limited.  The  only  way  to  considerably 
extend  the  catalogue  of  canonical  prableras  is  •  the  application  of 
numerical  methods.  ’ 

A  numerical  approach  based  on  the  IE  method  is  used  for  solving 
a  very  large  class  of  new  canonical  problems  (4).  As  we  know,  it  was 
the  first  publication  [5}t  irtiere  the  numerical  approach  was  combined 
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•with  the  asymptotical  theories.  Rather  a  complete  review  oi  more 
recent  works  one  can  find  in  [6J. 

II. Irregularities  of  an  edge  type  in  the  absence 
of  guided  wave  structures. 

As  an  example  of  such  irregularities  we  shall  consider  a  serai- 
infinite  dielectric  slab  with  losses.  It  can  ,  be  ^treated  as  a 
cylinder  of  arbitrary  cross-section  whose  generator  is  parallel  to 
the  2-axis  of  some  coordinate  system  ,  (Fi^.  1a).  All  the  fields  and 
cxirrents  is  represented  as  the  Fourier  integrals  along  this  axis. 
Using  the  orthogonalities  of  the  Fourier  harmonics  it  is  not 
difficult  to  show  that  the 


Pig. 1.  Diffraction  by  a  semi-infinite  dielectric  slab. 

2-deperidence  of  all  these  fields  and  Currents  will  be  identical  to 
that  of  the  incident  plane  wave.  The  problem  of  electromagnetic  wave 
diffraction  by  such  a  cylinder  can  be  reduced  to  the  system  of  four 
Fredholm  IBs  of  the .  second  kind  relative  to  a  Fourier  transform  of 
the  equivalent  electric  and  magnetic  current  densities.  In  matrix 
notation  the  system  has  the  form  MO, 11) 

i(y)  0.5  f  F(VyV’)  i(u')  dy'=  i'{t>),  (1 ) 

u 

where  the  column  vectors  of  the  desired  I (y)  and  primary  (incident) 
l‘(li)  current  densities  have  four  components  each: 

I  (v) "  “v  “J* 

3  n,H  J ,  5  =  l,nj  ,  n  is  a  unit  vector  for  the 

fextemal  normal.  The"^  matrix  kernel  F(V,u’)  consists  of  sixteen 
elements  P  (V.V'h  which  depend  on  the  positions  U  and  v'  of  the 

field  and  source  points,  and  are  expressed  in  terms  of  Hankel 
functibn  [10].  The  integration  in  (1)  is  carried  out  over  the 
contour  of  the  body  cross  section  (the  coordinate  y.  Pig.  ib). 

All  the  canonical  bodies  have  infinite  cross-section  contoi^ 
lengths,  and  the  direct  application  ot  numerical  methods  is 
impossible.  We  have  overcome  this  difficulty  in  the  following 
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manner.  Unknown  siirface  currents  can  be  represented  as  a  sum  cf* 
"uniform"  and  "nonuniform"  components  (3t8,9J 

I(u)  =  i“(y)  +  r"(u).  (2). 

The  former  may  be  calculated  acoordirig  to  the  laws  of  geometric 
optics  and  may,  in  this  sense,  be  assiimed  as  known 

l“(y)  =  (3) 

Obviously,  unknown  additional  currents  -  the  ’'ncnunifoim" 
components  I  (u),  -  which  are  associated  with  the  presence  of  the 
edge,  decrease  rapidly  with  distance  and  become  negligibly  small  in 
comparison  with  I‘'(y)  far  from  the  edge  of  the  slab  (as  a  rule,  It 
is  enough  to  have  a  distance  of  about  i  =  (2.;. 3)  wavelengths). 

Substituting  (2)  ,  (3)  into  (1 )  and  neglecting  I  “  (u)  for  | y|  ^ 
I,  we  obtain  the  following  system  of  IBs 

i(y)  +  o.5r^P(y,u’ )  i(u* )  dy’  =  i  (y)  -  0.5  Ai(u).  (4) 
-I 

where 

CO 

Al(y)  =  T  ?(y,y*)  i  (y*)  dy'  +  f  P(y,y')  I  ^(y')  dyv.  (5) 

"CD  "  I 

This  system  of  IBs  can  be  solved  numerically. 

The  additional  term  (5)  are  integrals  of  the  products  of  the  IE 
kernels  and  the  uniform  currents,  which  are  fields  of  a  plane  wave. 
All  integrals  in  (4)  can  be  expressed  in  terms  of  the  functions 

<0  t2> 

=  J  i<ep)  de.  (6) 

O 

where  P  =  are  real  numbers  and  ae  is 

a  coefficient  of  refraction,  V  =  0,1.  The  method  which  was  used  to 
calculate  these  integral  is  given  in  [9). 

Any  standard  procedure  can  be  used  to  solve  the  IE  (4). 
Necessary  details  of  our  solution  one  can  find  in  [9,131.  It  is 
worth  to  note,  that  the  symmetry  Of  the  slab  permits  the  equivalent 
matrix  order  to  be  reduced  by  a  half.  In  addition,  this  matrix  has  a 
large  Toeplitz  block  (it  is  clear  from  the  geometry  of  the  slab). 
The  use  of  these  two  facts  leads  to  the  essential  economy  in 
computer  memory  and  time. 

Solution  of  the  system  of  IE  gives  the  total  surface  currents. 
In  order  to  calculate  the  patterns  for  scattering  of  electromagnetic 
waves  we  represent  the  scattered  fields  as  a  sum  of  two  components, 
the  first  of  which  is  caused  by  the  currents  on  the  finite  segment 
|y|^l,  while  the  second  is  caused  by  the  currents  on  the  serai- 
infinite  intervals  (-00,-1)  and  (Z, 00).  The  integrals  in  the  first 
component  are  perfoimed  numerically.  The  method  of  stationary^  phase 
is  used  for  the  second  component.  Both  of  them  take  part  in  the 
formation  of  the  cylindrical  wave.  The  stationary  point  contribution 
corresponds  to  the  plane  waves  reflected  (transmitted)  by  the  serai- 
infinite  plane  parts  of  the  body.  By  the  way,  if  the  incident  plane 
wave  has  a  unit  amplitude,  the  scattered  field  represents  a 
diffraction  coefficient  which  can  be  used  at  once  in  generalized 
GTD. 

As  am  example,  let  us  consider  a  plane  wave  diffraction  by  a 
semi-infinite  lossy  dielectric  slab.  The  distribution  of  the  modulus 
of  the  magnetic  surface  currents  are  shown  in  Fig, 2  (the  behavior  of 
the  electric  currents  is,  analogous).  The  wave  number  is 
perpendicular  to  the  edge  (7  -  90  ),  so  TE-  and  TM-polarizat ions  are 
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•Independent.  Because  of  the  losses,  the  current  ^piitudes  are  very 
different  on  the  illuminated  (u>0)  and  shadow  (y<0)  sides  of  the 
slab,  and  the  surface  waves  arisen  on  the  edge  decrease  rapidly. 


Pig.2.  Distribution  of  the  total  (a)  and  nonunifcrm  (b) 
magnetic  currents  on  the  surface  of  a  dielectric  slab. 
TM  -  polarisation;  k  d  =  2,  a  =  90  ; 

ae  =  1.7  -  10.2;  -  -  -  -  *  =  1-7  -  ii-Q* 

The  numerical  solution  of  the  oanonical  problems  may  be  used  at 
once  to  construct  PTD  -  solutions  for  more  complex  objects. 
Practically,  the  far;  fields  produced  by  nonuniform  currents  of  the 
corresponding  canonical  problem  have  to  be  added  to  the  ordmary 
physical  optics  approach.  The  far  fields  can  be  calculated 
numerically  by  integrating  over  the  region .  occupied  py  the 
nonuniform,  currents. 


Pt^.3.  Element  of  a  tangential  straight  rounded  wedge. 
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This  priDcedure  meets  additional  difficulties  if  we  hare  to  deal  ' 
with  a  curved  edge.  The  conception  of  elementary  edge  waves  (ESffs)  ’ 
Can  be  successfully  used  in  such  a  situation.  This  conception  was 
developed  in  recent  publication  {2]  as  a  basis  of  a  more  general  and' 
rigorous  fom  of  the  PTo.  Unfort>anately,  this  theory  deals  only  with 
perfecti.Y  conducting  bodies.  Hevertheles?,  o<ar  hybrid  appraach 
ai-i.c7<'s  ooz^sxderaDjty  extend  the  field  of  application  of  this 

theoi*y. 

At  any,  point  of  a  curved  wedge  with  a  general  configuration 
(for  example,  a  wedge  with  a  rounded  edge.  Pig. 3)  we  introduce  the. 
straight .  tangential  wedge  and  sepeirate  out  an  infinitely  narrow  , 
strip.  This  strip  is  directed  along  the  line  of  intersection,  of  the 
wed^e  with  a  plane,  whose  slope  is  determined  by  a  ray  cone  (contour, 
in  Pig. 3).  A  numerical  solution  of  the  appropriate  canonical 

■problem  pravides  the  total  and  nonuniform  surface  currents  in  the 
plane  2  =  0  (contour  T^).  In  order  to  find  the  desired  currents  on 

the  strip  it  is  enough  to  multiply  the  solution  by  a  phase  factor 

which  is  proportional  to  COtj^  An  example  of  the  practical  use  of 
this  approach  will  be  considered  in  Sec. V. 

III.  Irregiilarities  of  an  edge  type  in  the  presence 
of  guided  wave  structures. 

Hear  we  consider  again  a  semi-infinite  slab  but  now  it  Is 
assumed  that  dielectric  is  lossless  (13], 

The  existence  of  the  surface  waves  which  are  excited  on  the 
ei^e  of  the  slab  and  are  travelling  along  it  is  .  the  principal 
difference  of  this  priDblem  fi*om  the  one  considered  above.  The 
equivalent  surface  currents  connected  with  these  waves  do  not 
decrease  at  all,  or  decrease  very  slightly,  with  distance  fr<om  the 
edge.  Additionally,  the  direction  of  any  surface  wave  propa^tion 
(or  their  phase  velocities  in  the  X- direct ion)  and  their  amplitudes 
have  to  be  determined.  The  former  can  be  determined  without  solving  . 
the  IE.  In  fact,  the  phase  velocity  of  all  these  waves  in 

2-direotion  should  be  the  same  and  depends  upon  the  angle  7  of  the 
plane  wave  incidence  (Pig.la).  Their  phase  velocities  V  in  the  - 

•®n 

direction  of  propagation  are  different  and  wellknown  (they  are 

determined  by  the  thickness  of  the  slab  and  the  dielectric  slab 

parameters).  Because  of  this,  far  from  the  edge  the  equivalent 

currents  of  the  n-th  surface  wave  can  be  written  in  the  form 

ll''iXrZ)  -  ^^expiikx  +  ik^Z),  (7) 

where  fe^=ft^COfT,  £(c/u^^  )*-C03*7^^j^ 

is  the  unknown  amplitudes,  is  a  vector  with  four  components 

(it  determines  the  correlation  between  the  current  components  of  the 
n-th  surface  wave,  its  structure  is  similar  to  I  in  (1),  C  is  the 
velocity  of  light,  is  the  wave  number  of  the  free  space. 

Let  us  include  the  surface  ouirehts  (7)  into  the  liniform 
components  of  the  currents  J2)  .  Now  we  have 

I“{U)  =  +  <8) 

W  ••  -i 

where  is  the  uniform  component  defined  by  the  geometrical  optics 

fields.  If  is  the  number  of  the  surface  waves  (modes)  which  can -exist 
in  the  slab.  Again,  we  use  the  IE  (4)  with  additional  terms  (5). 
completed  by 
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,  '  u  ■  ,  ■  CC’  '  "1  ■  ■ 

In  ord^r  to  calculate  the  unknown  coefficients  A^  the  additional 
intervals  (-L.-1)  -f 

ttS  tie  non.jnlfcrm,  of  the  ourraats  ^ 

”^11  4  -t-vvis  Ts t ‘*^ibiit ion.  of  totsil  o^JX’ron'ts  1ms  s  forrn 

negligxhly  sraa^  whi-’h  is  the  result  of  interferenoe  of  the  plane 

we  use  the  iteration  procedure  to 

determine  A  .  In  the  initial  step,  we  suppose  all  the  coefficients 
a“*'  =  O.  After  solving  the  SLAB,  we  apply  a  least -mean-square 

"'x.v,  /-sv-i  intp'nvals  (-L»*"V)  and  (l,i)  to-  determine  the  first 

SppMaoh  of  ii".  ani  ^  6n.  As  a  rule,  the  necessary  accuracy  can 

^“si^rntSeriLl*y  iS*coS^;ming  tc  jcattering  of  .a  Plane  -are 
?5tJl=SrS?n»\«™  TE-«aves  and  «„  for 

TM-waves)  Sire  plotted  there. 


ikfiiiMiiilllw 


-15  -10 


.  (M^ 

for  I 

lb 

A 

r\. 

J 

J 

5  -n 

r-irv^r-4 

0  -5 

,  ^ 
TT*!'  T  »  I  ^ 

10  15 


,  ,  ,  ■  -b 

pig.4.  Distribution  of  the 

surface  of  a  dielectric  slab-  Plane  wave  moiden.e 
(a  =  90  ).  ae  =  1.7,  ted  =  _^2r  .. 

TM  -  (a)  and  TE  -  (b)  polarization; 

_ _  total  current;  -  - - nonunifortn  current.  . 

One  can  see ,  that  the  ftonuniform  components  are  decreasi^  with 

-eSsr  tr 
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phenomena,  it  is  necessary  to  solve  one  more  canonical  problem  -  the 
surface  wave,  incidence  on  the  edge  of  a  semi-irifinite  dielectric 
slab.  The  method  of  lEs  can  be  used  a§ain(14].  The  results  of  the 
solution  is  illustrated  by  Fig. 5. 

The  practical  use  of  the  canonical  pr-obletn  solut ions  involves 
some  difficulties  if  the  object  under  consideration  supports  surface 
waves.  They  are  connected  with  curved  edges  (there  are  no  serioilS 
additional  problems  if  the  edges  are  straight;  such  an  ex^pie  will 
be  considered  in  Sec.TY). 

As  a  consequence,  we  have  restricted  ourselves  to  application 
of  GTD  to  achieve  the  result.  Again,  the  numerical  solutions  of  the 
canonical  problems  are  used.  In  order  to  apply  the  GTD  in  such  a 
generalized  form,  it  is  necessary  to  describe  the  following  physical 
processes: 


iiriiiiiiiiiiiin 


lfiH8iaKBiaiai 


10  12 

.  .  .  .  b 

Pig.5.  Distribution  of  the  magnetic  currents  on  the 
surface  of  a  dielectric  slab.  Surface  wave  incidence. 

*  =  1 .7,  d  =  2;  TM  -  (a)  and  TE  -  (b)  polariaation; 

:  total  current;  -  -  -  -  nonunifom  current. 

the  incidence  of  the  rays  of  TE  -  and  TM  -  waves  (E^^  and  E^^) 

and  arising  the  ray  cones  in  the  free  space  and  1^^^)  and  some 

surface  craves  in  the  dielectric  Slab  (E*  ,  ^  ^  ); 

the  incidence  of  the  surface  wave  ray  of  k  -  type  and 

arising  of  two  ray  cones  in  the  free  space  and  the  reflected  and 

transformed  surface  waves  in  the  slab. 

The  connection  between  these  amplitudes  can  be  written  with  the 
help  of  the  generalised  matrix  diffraction  coefficient  in  the  form 


eC,  =  D  E‘  +  D  E‘  D  E' 

TJ:  tl  TC  12  TM  13  ovl 

=  D  e1  +  D  D  E' 

TM  21'^C  *^22^TM  ^23  cvl 


D  E 

1.M'^2  SVM 

D  E‘ 

2.M^2  6VM 


B^iere  H  -  is  the  number  of  surface  waves  which  can  exist  in  the 
slab.  As  art  example  of  this  approach,  the  diffraction  of  a  'plane 
wave  by  a  dielectric  disk  will  be  considered  in  Sec.Y. 


TT.  S<Mne  numerioal 

me  IE  -Bsethod  and  the  technique  described  above  have  been 
aDDlied*to  solve  some  new  diffraction  problems,;  such  as  diffraction 
b?th*  homogeneous  dielectric  wedge  [9]  and  the  perfectly  conducting 
S4S  wiS  a  B’.ultilayered  aoating  !15)  .  by  the  ame  «ed«e  -ith  a 

na^ial  .'oating  near  its  edge  and  along  one  side  of  the  wedge  [16], 
by  the  mentimed  above  dielectric  slab  [13,14]  and  the  different 
combinations  of  dielectric  absorbing  layers  with  perfectly 
SSSing  planes  Jl7,ial.  They  all  can  be  used  as  canonical 

problems  ^uniform  current  and  their  contribution  to 

scattering  patteiiis  is  of  prime  interest  for.  applications.  Detailed 

investigation  of  these  phenomena  one  can  find  m  l9,ibJ.  ,  . 

Now  let  us  consider  the  plane  wave  scattering  by  ^  a  dielectric 
slab  of  finite  width  as  a  simple  example  which  can  illustrate  the 
aDblication  of  the  numerical  solution  of  canorticai  problems.  In 
order  to  construct  a  FED  solution  of  the  problem  it  .is  necess^  to 
t^e  into  account  that  the  scattered  fields  are  determined  by  the 

f':^^^^^i^the  siirface  currents  which  correspond  to  the  plane  wave 
incidence  on  a  infinite  dielectric  slab  (the  ordinary  phj^ioal 
optics  approach).  This  field  can  be  calculated  in  usual  manner  (7 

X/2  ,  =  E^) 

2  the  surface  currents  which  eoiresppnd  to  the  surface  ^ve 
ercited  by'”  the  edges  of  our  slab  (their  amplitudes  are  determi^^ 
from  the  problem  considered  in  Sec  .III) .  In  our  exanple  these 


are:  1  ”  for  a  =  90®  .  and  Q. 


0.i1£e^‘ :*■ 


for  a  =  60®  (for  the  left  and  right  edges,  respectively) ; 


Fig.6.^^attering  patterns  for  a  finite  dieleo trio  slab. 
TJ4  -  polarization^  ^  Jj  =  16.4,  d  =  2; 

a  =  60  -  (a),  a  =  90  -  (b),  , 


3.  the  surface  currents  which  correspond  to  the  surface  waves 
jf  the  second  order:  the  surface  wave  excited  by  the  left  ^edge, 
travelled  along  the  slab  and  diffracted  by  the  right  edge^  and:  vice 
^ersai  The  coefficient  of  reflection  is  determined_frora  t^e  pTOblera 
jonsidered  in  Sec  It  does  not  depend  upon  ^the  angle  of  the 

>lane  wave  inc  and  is  equal  to  0.23ie“^°'  ®  in 

jcattering  patterns  caused  by  these  three  factors  are  shown  short 
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(lashed  in  Plg-S;  ,  ^  . 

4.  the  contribution  of  the  third  smd  more  hi^  order  . 
diffraction  of  the  sijrface  waves  and  the  secondary  diffraction  of 
the  space  cylindrical  waves  is  too  small  and  we  neglect  it? ' 

5.  the  contribution  of  the  nonuni  form  ciarrents  can  be 
calculated  as  it  was  described  in  Sec. II,  After  adding  it,  we  obtain 
thp  PTD  solution  which  practically  coincides  with  the  exact  solution 
plotted  in  Pig. 6  with  the  solid  line.  (The  exact  numerical  solutwn 
was  obtained  by  the  direct  application  of  IE  (1)  to  the  slab). 

The  techniq  here  may  be  successiiilly  used  to 

construct  PTB  soluticns  of  three-dimensional  prdblems.^ We  lil^trate 
it  by  cons  idering  a  p  lane  wave  incidence  on  a  lossy  dielec  trie  disk 

Let*  the  incident  wave  is  ,  for  example,  stain 

contribution  in  the  scattered  field  will  give  the  ordinary  physical 
optics  approximation  (the  field  of  surface  cuirrents  corresponding  to 
the  incidentj  reflected  and  transmitted  waves).  The  iresult  is  shown 
'■dashed -in. 'Pig.Tb.- ' 

Then  we  need  to  calculate  the  fields  of  the  nonunirorm 
currents:  For  this  purpdse,  we  have  to  do  the  following  steps: 

1.  representation,  of  the  incident  wave  as  a  sum  of  TE-  and 
TM-waves  at  any  point  of  the  disk’s  edge; 


Pig.7.  diffraction  by  a  dieleetrid  disk. 
vCoordinate  system  and  geometry  (a), 

Scattering  patterTi  for  a  lossy  disk  (b)j 

■•■"■'  ,.  H  a  -  3,  Hd  ~  2f  :a-;^w''2',Q-'-  il.O.';'  ■ 

2.  solving  the  canonical  ■  problems  for  both  polarizations  and 
calculation  of  the  elementary  e(lge  currents  as  it  was  described 

3.  calculation  of  EEW  by  integi^ttog  alo^^  the  narlpw  strips; 

4.  calculation  of  the  fields,  praVided  by  all  the  elemental^ 

edge  cuiTents  with  the  help  Of  integrating  of  them  over  the  *3isk*s 

The  result  (the  total  scattering  pattern),  is  shown 
One  van  see  that  the  oontribution  of  the  nonuhiforra  currents  is_ndt 
too  essential  in  this  oase.  There  is  no  depolarization to  the  plane 
of  Observation  for  our  simplest  example  (cp  =  90  )i^  _  , 

Let  us  now  oonsiher  the  plane  wave  diffraction  by  a  losslera 
dielectrio  disk.  The  most  attention  will  be  cbhcentrated  on  the 
soattertog  by  the  disk  edge.  -In  addition  there  are  tTO^more  heams  of 
rays  f  corrasponciing  to  tii^  reflootod  and  ti*ansin  fields«  But 
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these  beaTis  are  the  delta-functions  of  the  angle  coordinates  in  the 
far  zone  and  will  not  be  taken  into  account.  Suppose  that  the  disk 
thickness  is  as  small  as  only  two  surface  waves  exist. 

As  it  was  mentioned  above,  the  application  of  PTD  meets  some 
additional  difficulties,  connected  with  surface  waves,  which  we  have 
not  yet  overcome.  The  next  example  will  demonstrate  the  application 
of  o’or  hybrid  approach  to  extend  the  possibilities  of  the  classical 
GTD  by  the  use  of  the  numerical  solution  of  new  canonical  problems. 
By  analogy  with  classical  GTD,  the,  diffraction  coefficients  are 
detemined  from  the  solution  of  the  canonical  problem  about  the 
semi-infinite  dielectric  slab,  which  edge  is  tangential  to  the  disk 
in  the  incident  ray  point  ?  (Pig. 8). 

The  mechanism  of  scattering  is  the  following.  The  incident  wave 
ray  falls  on  the  edge  (point  P)  andit  generates  the  ray  cone  in  the 
free  space  and  two  surface  waves  -  in  the  dielectric.  The  cone  angle 
is  determined  by  the  incident  angle,  and  ^  the  direction  of  the 
surface  waves .  -  by  the  formula  (7)  (the  trajectory  of  the  only  one 
wave  is  shown  in  Fig. 8a).  The  ray  of  surface  wave  falling  on  the 
edge  in  the  point  Q  initiates  the  ray  cone  in  the  free  space.  Its 
zi'igle  is  determined  by  the  same  formula  (7).  In  addition,  the 
reflected  and,  may  be,  the  surface  waves  of  the  other  types  are 
(generated.  These  waves  fall  on  the  edge  again  and  the  process  will 
be  i‘epeated.: 


how  let  us  consider  this  problem  in  detail.  Suppose,  that  the 
pi^e  TM  wave  incidents  on  the  disk  at  an  angle  of  and  the 

observation  points  are  located  in  the  plane  JOs.  In  this  plane  the 
scattered  field  is  mainly  formed  by  two  rays,  fallen  on  the  points 
{pp  »  0.  ,1C.  Pirstly,  these  rays  generate  two  radial  beams  (the  ray 

oohes  kre  degenerated  into  disks)  with  the  amplitudes  detemined  by 
the  element  of  the  diffraction  coefficients  (12).  Secondly,  the 

ihdidCnt  rays  generate  two  surface  waves  coming  from  the  opposite 
points.  Their  amplitudes  are  determined  by  the  element  of  the 

same  iinatrix.  As  in  the  corresponding  canonical  problem  the  wave 
vector  of  the  incident  plane  wave  is  perpendicular  to  the  edge  of 
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the  semi- infinite  slab  the  only  siarface  wave  is  _  exoited*  As  the 
g(jgg  Is  curved,  it  is  necessary  to  take  into  account  the 
variation  of  the  ray  tube  cross-section  while  the  surface  wave 
propagation.  Also  it  is  necessary  to  evaluate  the  possibility  of 
multiray  generation. 


Pig.9,  Scattering  patterns  for  a  lossless  dielectric 
diski  Angle  of  incidence  30  ;  *  *  1*7,  k  d  =2; 

_____  k^a  =  6.28;  -  -  -  -  =  9.42. 

The  analysis  of  the  process  shows  that  if  t“5tn'0{C/u^^)  <0.5t 

only  the  rays  appealed  in  points  2  and  4  (Pig.Sh)  exist.  If  t>0.5» 
at  least  4  rays;  1-2-3,  3-2-1  and  two  similar  nays  of  the  second 
surface  wave  are  added.  But  the  main  contribution  to  the  scatter!^ 
field  belongs  to  the  rays  scattered  in  the  points  2  and  4  Crig.ob) 
beoaiise  of  the  signifioant  losses  in  the  processes  of  transforation 
and  reflection  for  the  peripheral  rays.  For  example,  the  scatter^ 
pattern  was  calculated  as  a  function  of  the  angle  observation 
(Fig.9).  Considerable  change  in  the  level  of  field  is  e:^lained  by 
the^ existence  of  the  two  scattering  centers, and  the  field  of  .  botn 
ones  weakly  depend  on  the  angle  . 


Y.  Conclusion. 

The  short  oonolusions  on  this  paper  may  be  formulated  in  the 
joHowins  W3iy  • 

1 .  A  numerical  approach  based  on  the  method  of  IBS  is  developed  and 

used  to  splve  a  very  large  class  of  diffraction  problems  for  semi¬ 
infinite  stmctures  rather  an  arbitrary  nature  (dieleotric, 
multilayered,  partially  coated  and  so  bn).  ^ 

2.  These  solutions  are  used  as  new  canonical  problems  for 

3.  A  hybrid  technique  combining  the  method  of  IE  and  nM 

considerably  extended  the  field  of ,  application  of  the  PTD 
particular,  dielec trio  objects  and  some,  structures  with  surface 
waves  can  be  investigated  now).  j..  ,  • 

4.  The  basis  of  the  hybrid  appTOaoh  is  the  solution  of  canonical 

problems.  In  addition  to  the  two-diraensipnal  problems,  some  three- 
dimensional  ones  are  solved  now  [19,4J.  •  _  ,  ,  , ,  . .  __ 

given  in  this  report  to  illiistrate  its  possibilities  and  accuracy. 
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^  Thi*  nearest  problem  which  has  to  be  solved  is  the  extension  of 
the  conception  to  the  complex  bodies  with  curved  edges  and 

surface  waves..  This  problem  is  under  consideration  now. 
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ABSTRACT 

A  successive  approximations  s^prooch  in  the  waYenumber  space  is  proposed  to  treat  scattering  from  conducting  rough 
surfaces,  based  on  the  extinction  theorem  formulation.  It  is  shown  that  this  approach  can  lead  to  the  derivation  of  the 
general  term  of  the  perturbatiGn  series,  and  it  correctly  reduces  to  the  KircWioff  and  first-order  perturbation 
approximations  in  the  appropriate  limit.  Preliminary  numerical  results  arc  presented  for  the  simple  case  of  a  sim^oid. 

IhnTRODUCTION 

Integral  equation  formulations  are  very  commonly  used  to  treat  scattering  by  rough  surfaces.  A  classical  fomulatioa  of 
the  problem  is  based  on  the  well-known  pair  of  the  electric  and  magnetic  field  integral  equations  [1],  In  die  case  of  a 
perfectly  conducting  surface,  die  two  equations  decouple  and  cither  of  them  can  (in  principle)  be  alternatively  used. 

On  die  other  hand,  iterative  methods  have  been  quite  widely  used  to  treat  problems  formulated  by  means  of  integral 
equations  [2].  In  the  case  of  the  above  mentioned  electric  and/or  magnetic  field  integral  equations,  since  they  have  the  ' 
form  of  die  second  kind,  the  so-called  method  of  successive  approximations  has  been  applied  [3-5].  However,  in  analytic 
studies,  higher  order  terms  appear  too  complicated  to  be  practically  useful  [3].  Furthermore,  it  is  difficult  to  relate  higher 
order  iterations  to  certain  surface  characteristics  [4]. 

An  alternative  formulation  of  the  rough  surface  scattering  problem  is  based  on  die  extend^  boudary  condition  (EBC)  [6], 
or,  equivalently,  the  so-called  extinction  theorem.  When  combined  with  an  undri-lying  generalized  function  interpretation, 
this  method  leads  to  a  soinewhai  simpler  integral  equation.  But,  since  dus  has  the  form  of  die  first  kind,  no  application  of. 
the  successive  approx imotions  method  has,  to  pur  knowledge,  been  cariied  out  so  far.  In  this  work,  such  an  application  will 
be  attempted,  by  means  of  a  representation  of  the  unlmown  source  function  in  terms  of  distributions  in  the  wavenumber 
variable  and  a  subsequent  refonnulation  of  the  integral  equation  of  the  problem. 

SUCCESSIVE  APPROXIMATIONS 

I^ns  consider  a  perfectly  conducting  surface,  rough  in  one  dimension,  described  by  the  profile  function  “ 

*  '  (i> 

which,  of  course,  must  be  continuous  and  bounded.  We  will  not  deal  here  with  the  problem  of  singularities  in  any 
derivative  of  the  profiU  fimertion;  howeve^^  we  explicilly  assume  at  least  die  existence  of  a  normal  at  any  point  {i.c 
continuity  of  the  fost  derivative)  in  order  to  define  the  source  function;  the  problem  of  an  edge  point  requires  a  separate 
treatment  We  assume  a  plane  incident  wave  of  horizontal  polarization 

fi(r)-cxp(jfe^  (2) 

where  Jb  is  die  foc-spacc  wavenumber,  9  is  the  incidence  angle  with  respect  to  the  vertical direction  and  the  letter  yr 
throughout  the  text  denotes  the  y-coraponent  of  the  electric  field.  A  harmonic  time  dependence  assumed  and 

stqipressed  in  the  following. 

Starting  from  the  EBC  [6]  applied  for  any  legation  z  <  min {^;ifx)},  infroducing^^&^  wave  expansion  of  die  two-  - 
dimensional  free-space  Green's  function  and  using  the>  Dirichlet  boundary  condition,  wc  come  up  with  the  followng 
integral  equation 

(3) 

V  4ieu(A)  J 

where  the  limits  of  integration  are  -oo  and  +00  (and  will  be  omitted  h^eafler  for  simplicity),  and  the  function  u(A)  is 
defined  in  the  usual  way 


j  q  that  the  radiation  coiiditiohs  hold.  The  source  function  f(x  9  is  related  to  die  unknown  boundary  value  9y/5ii  oathe 
rqugh.  surface  through 

'  m 

455 


It  is  convenient  to  so  choose  the  coordinate  system  that  ^(x)  0  for  all  x'  and  the  z  of  E<j.  (3)  be  less  than  zero.  Under 

these  circumstances,  the  function  exp[/lx->{:i)z]/4m)A;  will  certainly  be  of  rapid  descent  (i.e.  it  will  decrease  faster  than 

anv  power  of  A,  as  U! -> +oo)  and  infinitely  smooth  at  all  points  but  A ±^. 

In  Eq.  (3),  an  interchange  of  the  order  of  integration  is  implicit,  which  is  performed  by  means  of  a  dtstnbuUonal 
iiilerpretation  of  the  inner  integral  over  x'.  In  view  of  the  above  considerations,  such  an  interpretation  will  have  a  sense  if 
the  mleeral  over  x'icpresents  a  distribution  of  slow  growth  whose  support  does  not  contain  the  points  A  -  ±fc  (Since  the 
support  of  a  distribution  is  a  closed  S^  this  implies  that  the  distribution  will  equal  zero  over  a  neighborhood  of  each  of 

these  points).  Hence,  a  sufficient  condition  for  (3)  to  hold  is 


J  f(x)exp[-jAjr  oCA)^^*)]^*  =  4no(Ao)5(A  -  A^) 


since  the  delta  distribution  satisfies  both  the  above  constraints,  except  in  the  extreme  case  Ao  =  i: .  In  (6),  wc  have  dropped 
the  iffimed  notation  and  set 

Xo=kim6  (7) 

The  EBG  ft^ulation  can  also  yield  an  expression  for  the  scattered  field  (which  essentially  constitutes  no  more  tiian  an 
ajqilication  of  the  Hcimholtz-Kirchhoff  integral).  In  this  work,  however,  we  are  concenicd  with  the  evaluation  of  the 

source  function  on  the  surface. 

At  this  point,  we  adopt  the  following  Ansatz  for  the  unknown  source  function 


f(x)  =  Jp(p)exp[jiux  -  jy(H)Ci^y]dx 


Notice  that  the  right-hand  side  of  (8)  will  have  a  meaning  .for  <p(n)  subject  to  conditions  looser  than  those  previously 
stated.  In  fact,  it  suffices  that  <p0‘)  a  distribution  of  slow  growth  such  that,  in  some  neighborhood  of  //  =  i;-ir 

(10) 

for  every  testing  function  z0>)  whose  support  is  contained  in  this  neighborhood  (see  e.g.  the  arguments  in  Kcference  [9], 
See.  3.4).  Eq.  (8)  defines  a  mapping  of  the  set  of  distributions  described  above  into  that  of  distributions  in  the  space 

variable  A"  (which,  in  general,  contains  the  unknown  source  function). 

The  particular  form  of  the  above  Ansatz  (8)  expresses  ({x)  in  terms  of  do^^going  propagating  plane  waves;  of  course, 
there  is  no  implication  concerning  the  fields  above  the  boundary  surface.  It  is  analogous  to  the  discrete  plane  harmonics 
expansion  adopted  in  [6],  as  far  as  the  "propagating  part"  of  the  angular  spectrum  is  concerned;  as  a  matter  of  fact,  spectral 

contributions  around  the  point //  = appear  to  be  important  for  the  effccti  vity  of  the  solution. 

Introducing  (8)  into  (6),  one  can  derive  an  opcratorial  equation  of  the  form 

=  (H) 

where  the  operator  T  consists  m  Erst  applying  (8)  to  the  unknown  p  and  then  performing  the  integration  of  the  left-hand 
side  of  (6),  in  the  distributional  sense;  a  factor  of  J  /2n  has  also  been  incorporated  for  reasons  of  formal  convenience,  as  it 
will  be  seen  in  the  following.  Eq.  (1 1)  is  viewed  as  an  opcratorial  one  because  both  the  unknown  p  and  the  right-hand  side 
of(ll)belong  tothesame  spaceofdistributionsmtlie  wavenumber  variable. 

At  this  point,  one  can  apply  to  (H)  the  Meumann  iterative  procedure  [2].  A  prerequisite  for  this  is  that  the  operator  T 
maps  a  distribution  <p  of  the  kind  described  above  (i.c.  of  slow  growth  and  haying  the  property  given  by  (1 0))  to  another 
distribution  of  the  same  kind,  so  that  (8)  has  a  sense  at  each  successive  iteration.  This,  of  course,  is  expected  to  impose 
certain  restrictions  on  the  profile  function  X(x)-  A  way  to  fonually  describe  the  procedure  is  to  rewrite  (1 1)  as 

^ -f- (T— I)^  =  2u(^)S(A  —  ^)  (i2) 

wth  1  the  unit  operator,  and  then  apply  the  customary  method  of  successive  approximations,  with  the  right-hand  side  of 
(12)  as  initial  guess.  The  result  is 

V  =  (13) 

•  .xi=0  ■ 


—  2u(^)6(A  —  ^) 


The  key  point  to  proceed  is  the  implementation  of  the  operator  T. 


(14) 
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RESULTS  AND  DISCUSSION 

Let  vs  suppose  tihst,  in  the  definilion  of  the  T  operator,  the  order  of  integrationi  can  be  interchanged.  This  would  mcaii 
that  the  expression 

F(A.;/)  =  Jexp[i0/-A)x][exp{7ToW-v0i)K(x))-l]dEt  05) 

possesses  a  sense  as  a  generalized  function  with  respect  to  /i  and  A,  and  the  general  tenn  of  die  successive  approximatioh 
series  can  be  written  down  as  . 


(2nr^  J 

die  repeated  integrations  meaning  successive  applicatiem  of  the  distributions  involved. 

If,  fiirthcnnoic,  die  power  series  corrcsponchng  to  the  exponential  inside  the  Wrackets  in  (15)  is  convergent  in  die 
distributional  sense,  one  has 


iniO=l  ^ 


where  Zfl,  denotes  the  Fourier  transform  of  the  m-th  power  of  the  profile  furictioti. 

Eq.  (17),  even  if  viewed  as  a  purely  formal  expression,  can  yield  an  interesting  result,  tiamcly  a  systematic  way  to  derive 
the  general  term  of  the  perturbation  series  for  the  problem  under  consideration.  To  this  Ctid,  we  insert  (17)  into  (8j,  expand 
the  exponential  and  apply  Fourier  transformation;  the  result  is  an  expression  containing  one  mbre  sum  (i.c.  multiple 
summation  with  respect  to  Observing  that  the  aforesaid  general  (say  m-th)  tenn  should  be  of  order  m  with 

respect  to  {(y,  we  rearrange  the  multiple  series  obtained  and  collect  together  aU  terms  with 

DHo+...+/n,,  =  ID 

The  result  is  an  expression  which,  after  a  straightforward  simplification  process,  reduces  to  the  expression  rcpocted  in  [S) 
and  independently  shown  there  to  satisfy  the  recursion  relation  which  characterizes  thd  general  term  of  the  perturbation 
series.  It  interesting  to  notice  that,  according  to  the  above  procedure,  the  m-th  perturbative  term  will  be  contained  in  fbt 
first  (27r*-l)  successive  approximations  (up  to  the  Dj  order  one). 

Another  interesting  result  is  obtained  if,  under  the  assumption  of  narrow  bandwidth  of  the  Fourier  transforms  ,  ohe 

expands  the  multivariable  function 

v“'(A„)[i)(A„)-v(A^, )]”«-' ...Iu(Aj)-v(2,)r[u(^)-v(Ao)l’^  * 

which  arises  after  combining  (17)  with  (8)  and  Fourier  transforming,  into  a  Taylor  scries  with  respect  to  the  variables 
around  the  point  (Ao,...,io).  The  terms  of  order  1  will  yield,  after  Fourier  int'crsion,  terms  proportional  to  the 
derivative  d^(XVcbf ;  higher  order  terms  yield  contributions  proportional  to  [d^Cx/dx]^  ot  cP((x)/dx^ ,  and  so  on,  The  m-tb 
successive  approximation  contains  terms  of  order  w  or  b'gher.  Hence,  the  terms  of  order  up  to  1  arC  contained  in  the  first 
two  (0  and  1)  approximations,  and  it  is  easily  shown  that  they  recover  the  Kirchhoff  approximation  for  the  surface  under 
consideration.  As  it  has  been  seen,  they  also  contain  the  first  perturbation  term;  therefore,  the  present  approach  spears  to 
interpolate  between  the  first-order  perturbation  and  Kirchhoff  llieory,  correctly  recovering  each  of  them  in  the  appropriate 
limit 

At  this  point,  it  can  be  observed  that  the  Ansatz  (8)  could  be  replaced  by  other  expansions,  arid  the  same  procedure 
followed.  One  possible  (and  perhaps  conceptually  simpler)  alternative  would  be  the  Fourier  transform  of  the  unknowh 
source  function  f(x).  As  some  calculation  would  show,  the  general  perturbative  term  could  also  be  derived  in  that  ease  by 
means  of  the  procedure  described  above;  however,  the  series  would  no  more  exhibit  die  interpolating  behavior  previously 
mentioned. 

As  a  preliminary  numerical  check,  we  have  applied  the  proposed  procedure  to  a  sinusoidal  surface  described  by 

,  f(x)  =  A[l.-cos(27tjr/(f)l 

The  sinusoidal  profile  function  is  quite  convenient  for  comparison  because  it  is  simple  and  infimtely  smooth;  mbreovar* 
various. well  established  methods  exist,  giving  reliable  numerical  results.  We  have  chosen  the  sorcalled  Mascl,  Mcrril  antj 
Miller  (MMM)  method  {sec  c.g.  [10]),  restricted  the  values  of  the  surface  parameters  well  within  its  region  of  validity  and 
checked  eonservation  of  energy  up  to  6  decimal  digits;  thus,  we  consider  the  results  obtained  as  exact  for  our  purpose. 

In  Figs  1-2  those  results  arc  compared  with  the  results  of  the  present  successive  approximations  (SA)  approach,  die 
Kirchhoff  approximation  (KA)  and  the  phase  perturbation  technique  (PFf)  [8,1  i];  results  from  the  customary  perturbatidii 
technique  (in’)  (see  c.g.  [12])  are  also  included.  All  three  (SA,  PKr  and  FT)  techniques  have  been  restricted  to  first  order. 
To  avoid  large  phase  variations,  we  have  plotted  the  modulus  and  phase  of  the  function 

<i(^)  =  f(^)cxp(~jfcxsmP) 

In  Figs,  la-b,  a  surface  of  small  spatial  period  d  and  not  great  corrugation  height  is  examined;  perturbative  techniques 
appear  to  give  better  results  than  the  KA  ,  due  to  tlie  fact  that  the  curvature  of  the  surface  may  t^c  appreciable  vahies. 
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la-b  refer  to  tiic  ease  of  a  surface  of  larger  f/and  smalJcr  curvature  values;  the  PT  is  unsatisfactory,  whereas  the  KA 
a«d  PPT  arc  quite  effective.  In  both  eases,  the  SA  approach  proposed  here  is  at  least  as  efficient  as  die  PPT,  with  the 

additional  advantage  of  a  genera!  terra  know'll  in  closed  form. 


Portion  n/d  Position  x/d 

(a)  ^  (b) 

Fig.  2:  Same  with  kd  -  2Q. 


REFERENCES 

[1]  A.W.  Maue,  "Gn  the  formulation  of  a  general  scattering  problem  by  means  of  an  integral  equation",  Z.  Phys.  (1949), 
I26,7,pp.601-608. 

{2]  R.E.  Klcinman  and  P.M.  van  den  Berg,  "Iterative  methods  for  solving  integral  equations".  Radio  Sci.  (1991),  26,  1, 
pp.175-181.  ' 

[3]  Z-  Lt  and  A.K.  Fung,  "A  reformulation  of  the  surface  field  integral  equation",  Jour,  Electromagn.  Waves  Appl.  (1991), 
5,2,1^.195-203. 

[4]  C.S.  Brown,  "Application  of  the  inte^al  equation  method  of  smoothing  to  random  surface  scattering",  IEEE  Trans. 
Antennas  PropagaL  (1984),  AP-32, 12,  pp.1308- 1312. 

[5]  <j.S.  Brown,  "Simplifications  in  the  stochastic  Fourier  transform  approach  to  random  surface  scattering",  IEEE  Trans. 
Antennas  Propagat.  (1985),  AP-33,  l,  pp.48-55. 

[6]  P.C.  Waterman,  "Scattering  by  periodic  surfaces",  J.  Acoust.  Soc.Am.  (1975),  57,  4,.  pp.791  -802. 

[7}  D.  Winebrenner  and  A.  Ishimaru,  "Investigation  of  a  surface  field  phase  perturbation  technique  for  scattering  from 
rough  surfaces",  Radio  Sci.  (1985),  20,  2,  pp.  16 1-170. 

[8]  C.N.  Vazouras,  P.G.  Gottis  and  LD.  Kanellopoulos,  "Scattering  from  conducting  rough  surfaces:  A  general  perturbative 
solution",  IEEE  Trans.  Afitennas  Propagat.  (  1993),  AP-4 1,  9,  pp.  1232-1241. 

[9]  A.H,  Zemanian,  "Distribution  theory  and  transform  analysis",  Dover  publications.  New  Y ork,  1987. 

{lOJ  S.L.  Chuang  and  J.A.  Kong,  "Scattering  of  waves  from  periodic  surfaces",  Proc.  IEEE  (1981),  69,  9,  pp.1 132-J 144. 
[MJ  J.  Shen  and  A.A.  Maradudui,  "Multiple  scattering  of  waves  from  random  rough  surfaces",  Phys.  Rev.  B  (1980),  22,  9, 
j^.4234.4240. 

1 12]  M.  Nielo-Vesperinas  and  N.  Garda,  "A  detailed  study  of  the  scattering  of  scalar  waves  from  random  rough  surfaces", 
Opt  Acta  (1981),  28,  12,pp.I65M672. 


458 
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The  tw^dimensiona!  problem  is  solved  for  determining  the  field  scattered  by  a  perfectly  conducting 
thin  cylindric^  screen  located  near  the  planar  interface  separating  two  homogeneous  half-spaces  of  dificrent 
electromagnetic  properties.  The  initial  boundary  value  problem  was  reduced  tO  the  infinite  system  d(  linear 
algebraic  equations  of  the  second  kind  by  the  generalized  method  of  the  Riemann-  Hilbert  problem.  It  is 
shown  that  the  proposed  solution  of  the  problem  is  the  rigorous  one.  The  more  general  situation  of  a  metal 

thin  screen  in  the  vicinity  of  diffraction  gratings  has  been  considered. 

Introduction^ 

,  solution  for  plane  wave  or  local  sources  incidence  of  various  reflector  in  the  vidnity  of  material 

bodies  or  some  extent  domdn  are  needed  in  many  antenna  applications.  Most  simple  vibrator  antennas  hear 
M  impedance  plane,  stratified  dielectrics  and  in  the  absorbing  space  have  been  examined  in  (IJ.  Description 
of  more  complicated  antennas  forming  the  direct  radiation  as  a  rule  are  limited  by  the  case  of  antenna 
excitation  in  the  free  space.  Thus  the  subsurface  influence  on  the  scattering  field  was  not  taken  into  account 
in  reflector  antenna  calculations.  It  may  be  explained  apparently  that  approximate  methods  are  not  capable 
enough  to  give  far  field  values  in  all  directions  and  the  rigorous  method  technique  has  not  been  developed 
for  coinplicated  electromagnetic  structures.  Some  interesting  results  have  bcert  obtained  in  [21  where  the 
diffraction  wave  problem  on  the  cylinders  with  various  cross-sections  hear  the  planar  interface  is  solved. 

In  this  work  the  rigorous  solution  of  the  diffraction  problem  for  an  unclosed  perfectly  conductive  cylinder 
near  an  impedance  plane  is  presented  and  used  to  analyze  the  reflector  antenna  radiation  transformed  by 
inserting  the  plane  i a  the  antenna  near  zone, 

1.  DilFraction  Problem  t 

The  two-dimensional  problem  of  a  line  magnetic  current  field  or  TE-  polarized  plane  wave  field  scattering 
by  a  circular  cylindrical  perfectly  conductive  unclosed  reflector  near  a  planar  interface  between  two  media 
IS  solved.  ' 

The  total  field  in  this  structure  is  given  as  the  superposition  of  the  scattered  field  by  the  reflector  (//') 
by  the  plane  (//p)  and  the  field  of  the  source  (H*)  and  has  to  satisfy  the  wave  equation  in  the  free  space’ 
Sommerfeld  radiation  condition,  Meixncr  condition  on  the  reflector  edges  and  the  boundary  conditions  on 
the  surfaces  of  the  reflector  and  impedance  plane. 

The  Z-component  of  the  total  field  may  be  written  as 

(1) 

Assume  an  incident  TE  wave  H'(r)  to  excite*  the  screen  in  the  presence  of  a  plane  interface  is  given  in 
Fig.l.  We  shall  consider  two  cases:  the  plane  wave  and  line  magnetic  current  excitation. 

1)  ss 

-  is  the  llankel  function  of  the  first  kind. 

Here  //J  (f)  is  the  incident  field  of  the  line  magnetic  feed  situating  in  the  point  ro(ro 
2t/A,  A  is  the  wave  length . 
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The  tune  dcpcndance  =  2jrc/A,  c  is  the  speed  oflight)  as  a  common  multiplier  in  (1)  is  omitted 

here  and  later.  i 

Assuming  that  are  the  parametriaation  functions  of  the  screen’s  contour  (r  6  [-«,  a]  a  <  ir) 

the  field  scattered  by  the  isolated  cylindrical  screen  can  be  represented  in  the  following  potential  form: 

-  x[T)y  +  (y  -  y(r))2)/(r)dr.  .  (3) 

—a  •  . 

ithcte  /(r)  =  «r  '*  ****  normal  to  the  reflector  surface  L,  /i(r)  is  the  unknown  function 

which  is  proportional  to  the  surface  current  density  on  the  screen. 

let  the  function  /l(r)  is  equal  0  if  r  €  (-7r,a]\(-tt,or)  .  Thus  the  function  fi(r)  determined  on  the 
interval  may  be  expanded  in  the  Fourier  series: 


^  inr_f  I'M.  re[-a,o] 

“1  0,  re[-ir,xj\(-a,a; 


Using  the  integral  representation  of  the  Hankel  function  : 


»^*oo  ' 

-  x(r))*  +  (y“  y(VF)  =  i  ^  y  <y(r),  (5) 

»00 

(3)  can  be  rewritten  in  the  region  under  the  cylinder  as 

CO  ■ 

Hi(T,y)r-L  I  (6) 

^  do  .»='■*  ■  ■ 

where  ■  ■  ^ 

Ab{<)  = 

It  was  shown  that  in  the  case  of  the  screen  near  an  interface  between  two  difTerent  media  and  in  more 
general  case  of  the  screen  in  the  vicinity  of  an  infinite  diffraction  grating  the  field  scattered  by  an  interface 
or  grating  can  be  represented  as 


where  is  the  unknown  function  which  satisfies  the  Floqiiet  condition: 


*"(«.*  + 1.  y)  =  *.  y), 


/  is  the  period  of  the  grating. - 

The  similar  representation  was  proposed  by  Skurlov  [3].  approach  to  the  problem  of  the  point 

sGiircc  excitation  of  a  periodical  structure  was  suggested  by  H’inski  [4].  The  field  scattered  by  the  grating 
was  represented  in  the  following  form  :  ‘ 


Hf{T,y)oz^ju{i,x,v)dt 


(9) 


'  where  Xr(t,ar,y)  satisfies  the  Floquet  condition.  This  approach  allows  to  usd  an  interesting  mathematical 
method  considered  in  [5].  The  Skurlov*s  approach  was  atlso  used  in  [6], 

Taking  into  account  (9)  one  can  write  when  the  screen  is  near  a  grating: 

X  y)  f  «n(t)«*^*^*'**’*\  MQ\ 

y<~6;V  ’  ^ 

Here  {an(0*^n(0}^-oo  arc  known  Fourier  coefficients  of, the  field  scattered  hy  a  grating  in  the  case  of 
Ac  plane  wave  incidence:!  /T*”*  =  i  e  C,  }  =  ireosf  +  ^.  7-  =  - 

{Rejn  >  0,  if /Ze7n  =  0  then  /my^  >  0).  There  are  a„(t)  =  6n(0  —  ^  0)  when  the  screen  is  near  an 

interface  between  two  media. 

Therefore  ‘ 

v—teo  ■  CO  ■ 

irf  =  i  y  A(0e’“““’  X  W 


^(<)  =  F‘(t)  +  i  f;  |i„A„{0. 

.  axs^oo' 

“  line  mat 

\  — ^i„e)  for  a  plane  ioavt 


0  fine  ma^ncfir  current 
\x5(t  — ^i„e)  for  a  plane  toavk 

The  field  scattered  by  the  interface  between  two  media  chars^terized  by  ex  arid  C2  can  be  represented  in  the 
upper  haif-spaee  as  : 


III  =  I  ] 


^i)  =  A  ~  V^EiCa- 

^2  sin  i  +  y/ciet  —  el  cos^  i 


,  i  =  e*«~V 


_ Using  the  Neumann  boundary  conditions  on  the  reflector  surface  and  extracting  the  singular  term  of 
the  Hankel  function  the  integral  equation  can  be  obtained  :  '  ^ 


1  a* 


rfr+  1  y  M^Wr)dr  =  g{9i  9^  ha.oj. 


g(g)  =  +/(«)i  /  r{0A  p 

«”»  r.,£i  ^  £  -^-O  . 

•00 

00  .  or—ibo’  «o 

A-'W  £  ^  /  Am(0A  f)  = 


=  52  +  £  »(•)£•■»»+  52  E 


m^^oo  ms— 00 


This  equation  is  reformulated  in  the  terms  of  Dual  Series  Ek|uat!ons  with  trigonometrical  kernel.  The 
idea/of  the  reformulation  was  suggested  in  {7^ 
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n=— oo  !»=:-*» 


+  H  H  MmsL%‘'”*  ee  {-a,a] 

fK=:->«Qi  ms:~oo 

53  =  0|  ^  €  (-jr,i]\(-a,Q) 


where  ff(e,  r)  =  53 


i»s£'^oo>  ms^oo 


Using  ilie  solution  of  the  Iliemann-Hilbert  Problem  —  the  problem  of  restore  of  an  analytical  function 
of  a  complex  variable  in  the  complex  space  with  an  arc  slit  L,  when  the  sum  of  the  boundary  values  of 
this  function  on  the  L  is  known  the  JDual  Series  Equations  reduced  to  the  N  systems  of  linear  algebraic 
equations  of  the  second  kind. 

'  oo 

whm  ■ 

c„^ =2  f:  (hp..„ 

P=— -00 

"  "  »=« 

v'rij’.Hv  are  defined  by  the  Legender  polynomials  [8]. 

it  can  be  proved  following  by  [9]  that  the  condition  number  of  the  obtained  system  does  not  increased 
with  increasing  of  the  truncation  pararneter  and  the  obtained  solution  is  efficient  for  analysis  of  scattering 
from  thin  screens  of  arbitrary  cross-sections  in  the  vicinity  both  diffraction  gratings  and  a  planar  interface 
between  two  media. 

The  obtained  solution  is  very  efficient  one  and  allows  to  carry  out  the  detailed  analysis  of  the  near 
field  at  various  frequencies  for  different  parameters  of  the  slotted  cylinder.  The  cylindrical  screen  may  be 
considered  as  the  model  of  the  two-  dimensional  antenna  reflector.  An  analysis  of  transformations  of  far 
field  patterns  caused  by  the  changing  of  the  orientation  of  the  reflector  with  regard  to  the  interface  can  be 
carried  out. 
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The  possibilities  of  remote  sensing  of  vegetation  in  mmTband  are  now  under  inves¬ 
tigation  of  many  researches.  Since  the  brightness  temperature  or  the  backscattering 
coefficient  of  vegetation  canopy  is  determined  in  great  extent  by  the  scattering  and 
extinction  properties  of  a  single  canopy  element  (leaf  or  stem)  it  is  important  to  study 
these  properties  and  their  rdation  with  biophysical  parameters,  for  example,  moisture 
content. 

To  measure  transmission  and  reflection -of  leaves  in  mm-hand(f=53-78  GHz)  the 
experimental  set  has  been  designed.  It  includes  the  oscillator,  the  quasi-  optical  beam 
waveguides,  the  precise  attenuator,  the  cell  with  investigated  sample,  and  detector  sec¬ 
tion.  The  moisture  content  of  sample  is  determined  by  its  weighting  under  the  wet 
and  dry  conditions.  The  transmission  and  reflection  coefficients  are  determined  by 
the  compensation  method  with  the  help  of  precise  attenuator.  To  avoid  rereflections 
the  sample  is  placed  in  the  gap  between  waveguides  at  a  certain  angle  with  respect 
to  the  beam  direction.It  is  found  that  in  the  range  of  gravimetric  moisture  from  0.2 
to  0.6  the  transmission  coefficient  changes  approximately  linearly  from  0.7  to  0.3,  and 
the  reflection  coefficient  changes  from  0.0  2  to  0.25  but  with  strong  nonlinear  depen¬ 
dence.  The  dependence  of  absorption  coefficient  calculated  from  measured  data  on  the 
moisture  content  has  a  maximum  at  certain  value  of  leaf  moisture  condition.  The  sig¬ 
nificant  influence  of  the  leaf  structure  change  during  the  drying  process  on  the  result  of 
measurements  is  also  observed.  The  results  of  experiment  are  discussed  and  compared 
with  the  results  of  calculations  of  transmission  and  reflection  for  infinite  dielectric  layer. 

The  data  obtained  may  be  useful  for  calculation  the  radiative  parameters  of  veg¬ 
etation  canopies  in  mm-band  and  for  understanding  the  relation  of  these  parameters 
with  the  canopy  state. 
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ABSTRACT 

The  technique  of  using  the  two-dimensional  (2D)  solutions  in 
three-dimensional  (3D)  problems  for  the  case  of  arbiti^iy  shaped 
2D  scatterers  and  arbitrary  boundary  conditions  is  developed.  It 
is  previously  supposed  that  one  can  find  the  analytical  expression 
of  2D  solution  separately  on  each  side  of  a  rectilinear  segments- 
bounding  contour  surrounding  the  two-  dimensiohal  scatterer.  Then 
the  3D  solution  may  be  received  easily  by  substituting  special 
simple-  found  pai’ameters  (in  general  case  each  of  them  may 
represent  a  complex  nxmiber)  into  the  analytical  2D  solution 
instead  of  real  angles  of  observation.  In  the  practically 
important  case  of  a  large  polygonal  flat  3D  scatterer  (the 
correspondiiig  2D  solution  is  a  half-plane  with  arbitrary  boundary 
conditions)  tlie  technique  ti^sforros  to  the  simple  substitution  of 
the  special  parameter  ("complex  angle")  into  the  previously 
obtained  2D  analytical  expression  for  a  separated  rectilinear 
segment  of  the  bounding  contour! 10].  . 

INTRODUCTK^ 

'Recently  several  diffraction  techniques  related  to  the  EM 
soattering  by  complex  objects  have  been  widely  developed.  The 
techniques  are;  Ufimtsev's  method  of  edge  waves  in  physical  theory 
of -diffraction  (PTD)  (new  formulation)  [1 ,2],  method  of  equivalent 
cvirrents  (MEG)  [3]  and  Scattered  field  formulation  in  terms  of 
incremental  length  diffraotion  coefficients  (ILDO)  [4-7].  All 
these  methods  are  based  on  the  concept  of  the  PTD  [8]  and  may  be 
converted  one  into  the  other  [9  ]  .  The  methods  allow  to  vise  two- 
dimensional  (2D)  solutions  in  three-  dimensional  (3D)  problems * 
The  solutions  mentioned  above  are  applicable  mainly  to  perfeotiy 
conducting  2D  scatterers  that  consist  of  planar  surfaces  and  to 
the  impedance  wedge.  The  solution  developed  in  [6]  often  leads  to 
the  wrong  result.  In  this  paper  a  method  of  using  the  2D  solution 
in  3D  problems  is  generalized  for  the  scatterers  of  arbitrary 
properties.  .. 

1 .  STATMENT  OF  THE  PROBLEM 


When  scattering  of  the  electromagnetic  wave  on  the  body  of  a 
finite  electric  size  (time  dependence  is  exp{-iQt}  the  solutions 
for  the  complex  amplitude  vectors  of  the  electric  and  magnetic 
fields  are:  _  _  _  .  _ 

•  E=  -  -^{grad  dtvA^  +  -  roti^. 


where 


A®(r) 


H=  -  j^(grad  cJtbA®  +  -  rotk^. 


expiikr}  A 

— — —  J®cis,  A®(r)=  1 
r  c 


11-^ 
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A*  H  A®  are  the  electric  and  magnetic  vector  potentials,  J  H  ;F 
are  the  electric  and  magnetic  sxarface  cxarrents,  S  is  the  surface 

of  the  scatterer,  r=l«-p|  is  the  distance  fronj  a  point  on  the 
scatterer  surface  which  position  vector  is  p=(Ct*n«C)  "to  the 

observation  point  which  position  vector  is  ^n'i?=(n^,n^,7i^) ,  n“ 

is  the  unit  vector  of  the  observation  direction,  i?  is  the  distance 
from  the  coordinate  center  to  the  point  of  observation,  fe=2TCA  is 
th&  wavenumber  of  the  incident  wave,  C  is  the  velocity  of  light,  i 
is  the  imaginary. unit. 

2.  INFINITE  (HfllNDER 

Consider  integrals  (2)  for  the  infinite  cylindrio  edge  of  an 
arbitrary  shape  which  cylinder  axis  concides  with  the  JC  axis.  The - 
exitation  is  made  by  the  plane  wave: 

ikin'  ,r)},  (3) 

where  is  the  complex  amplitude,  and  n'  is  the  plane  wave 

directing  vector;  ^{X,y,z)  is  the  position  vector  of  an  arbitrary 
point  of  the  space-  The  equations  (2)  may  be  written  in  a  nimiber 
of  scalar  equations  for  any  scalar  component  A'  of  the  electric  or 
magnetic  vector-potential. 

Let  los  divide  the  vector  p  into  two  parts: 

e  +-Po* 

where  p  is  the  component  of  p  vector  in  the  plane  YOZ  which 

contains  the  cylindric  s^i^f ace  bounding  contour  C,  is  the  unit 

vector  along  the  X  axis.  The  ciorrents  on  the  infinite  cylindric 
surface  satisfy  the  same  equation  as  the  incident  field: 

C'-  ■  ■  ■  ■ 

J0)=i0Q)  explik^n'^y  (5) 

3.  PAR  ZONE  CONDITION 

For  the  body  of  finite  size  in  far  zone  (r  >  2D^./A.),  where  D 
is  the  size  of  the  object,  the  .following  equation  exist  for  3D  case 

r  ««  R-(n',p),  (6) 


and  for  2D  case  (6)  becomes  [10]: 

^yz  "  ^yz~^^yz/'^^yz^  '^0^ 

Index- t/z  means  the  projection  of  the  object  without  the  index 
on  the  plane  TOE.  Prom  this  one  can  see  that  Vector 

is  the  mit  vector  in  the  plane  YOZ,  directed  just  as 
the  vector  n"  .  Further  we  will  suppose  that  (6)  and  (7)  are 

4,  A  RECTIIINEAR  SEOlHfrS  BOUNDING  CONTOUR 
Let  the  contur  C  consist  of  N  rectilinear  segments  C,  Then 
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in  Xorce  ot  transformation  linearity  for  H  A^  will  be i 

K 

A  -2  V  <®> 

■  "  k=1  ■  . 

Denoting:  ^ 

where  is  the  initial  position  vector  of  the  on  the  segment 

Cj^v  Pr^  is  the  vector  directed  along  the  rectilinear  segment  Cr. 

Taking  into  account  (8)  and  (9)  one  can  get  irom  (2)  and  (7)  Tor 
the  infinite  cylindrical  surface  1 101: 


r'vz 


V-' 

Following  the  PTD  we  will  consider  the  currents  on  a  finite 
fragment  of  the  cylindrical  surf  ace  the  same  as  on  the  infinite 
surface^  and  for  this  fragment  we  get  from  (2)  and  (6)  I10|: 

•  ■  A,.—.  “  "■  '  ■  :  ■  '  A  ■  ■  .  .  ■  ,  (i<^  ) 

^  c  R  tk(n^n^)  * 

f“=  (13) 


Here  a  and  P  are  the  coordinates  Of  the  fragment  end  points 

on  the  i  axis,  is  the  arbitrary  direction  to  the  point  Of 
ohservation,  generally  not  lying  on  the  diffraction  cone  (by 

contrast  to  n' ) .  So  the  solutions  of  (12)  generally  do  not  contain 
the  solutions  of  (14)  . 

Suppose  we  know  separate  analytical  equations  for  all  the  Ar, 

and  Ir,  This  condition  inay  be  fulfilled  When  we  use  numerical 

methods  to  find  the  2D  solution  or  when  our  2D  problem  is  a  half- 
plane  or  the  wedge  13, 71.  It  is  the  same  as  if  we  loio  the 
analytical  expressions  of  the  integrals  from  (H ) .  It  may  be  shown 
[10]  that  if  the  angle  (p'  presents  as  a  pai^eter  in'  th^ 

analytical  expressions  f or  Ir  f ror..  ( 18 )  then  a  formal  subst  i tution 

into“  these  expressions  such  (Pr  (it  may  be  a  complex  number)  that: 

V  .  cos(p:  =  • —  -  =  ■  ■  cosoC,  .  .  (14) 

■  iC  ^  ■  •  .  y  "  T“r  “An  ,  J  I  -  ■  I  .  n  "■!  I  Jl^  ^ 


Pki/i-cn:;)^ 


where  (p*  and  (p®  are  the  angles  between  the  vectors  pR^  and  the 
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■sectors  K  bring  to  the  situation  ■ 

when  in  the  exponents  inside  the  integrals  in  (11 )  and  (13): 

^1  'PkT;^  - 

along  all  the  rectilinear  segment  of  the  contour  C  and  thus 
because  the  currents  J(Pq)  in  (11)  and  in  (13)  are  the  same  (PTD); 

.  (16) 

If  one  has  I'  from  (11 )  then  it  is  possible  to  receive  from 

(11)  with  the  help  of  (14)  the  anal tyical  expression  for  (13) 
without  the  direct  integration. 

She  resul  ts  of  this  paper  may  be  wholly  ttsed  in  IIDC  _ 
technique,  but  this  paper  we  intentionally  avoided  the  XLD5 
terminology  in  order  not  to  limitate  the  generity  of  the  approach. 
So  the  eqiiations  (14)  are  similar  to  the  ones  from  [3»6-T]*  Sdt 
the  ’•direct  substitution''  of  the  parameter  into  the  2D 

equations  in  orger  to  get  the  solution  for  the  correspondiEg  3D 
scatterer  may  often  lead  to  the  wrond  result  because  in  the  case 
of  the  diffracted  field  representation  in  the  form  of  eqiiiyalent 
currents  ihteg^tion  over  some  surface  this  surface  must  surround 
the  singularities  of  the  field  [11]. 
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Introduction 

In  the  presented  paper  the  well-known  approach  |l]  with  the  p^iiai  inverdon  of  HelmhcJtz  operator 
is  generalized  to  the  boundary  value  electromagnetic  problems  for  a  new  class  of  thin  noncloeed  spheroidal 
and  toroidal  screens.  In  due  time  this  approach  was  devised'  for  spherical  screens  and  did  not  do  with 
spheroidad  screens,  since  when  applied  to  the  Helmholtz  equation  in  spheroidal  coordinateSj  the  Founcr 
method  yields  the  angle  functions  5m/ (ci  n)  dependent  not  only  pf  the  angle  parameter  17  5=  cost;  hut  the 
wave  parameter  c  =  i:rf/2  too.  Therefore  the  regularization  procedure  was  inviting  further  development  for 
spheroidal  screens  in  order  to  perform  the  partial  inversion  of  the  Helmholtz  op^atbr  for  both  the  radial 
and  angular  parts.  In  so  doing,  the  knowledge  of  the  operator  Laplkcc  properties  was  required.  The  stdved 
for  this  purpose  boundary  value  potential  problems  oh  distribution  of  the  electrostatic  fields  about  chairged 
nonclosed  spheroidal  conductors  (Fig. I)  have,  in  addition,  their  own  significance  and  practical  application. 

The  boundary  value  diffraction  problems  for  the  same  geometry  conductors  require  the  investigations  of 
dual  (or  higher)  scries  equations  with  not  understood  kernels  involving  spheroidal  angle  functions.  Resting  00 
the  solution  to  the  corresponding  boundary  value  poteDtial  problem  and  using  the  integral  transform 

procedure  adapted  for  the  similar  diffraction  problem  for  nonclosed  spherical  screens  [2], [3],  we  reduce  the 
'  dual  series  equations  of  the  new  type  to  the  known  ones.  In  order  to  separate  the  static  and  dynamic  piurts 
of  the  Helmholtz  operator,  the  spheroidal  angle  functions  are  expanded  in  the  series  in  associated  Legendre 
functions  (Jacoby  polunornials).  The  resulting  equations  are  solved  by  the  method  outlined  in  {2],[3]. 

Now  let  consider  the  sequence  of  problems  solved  by  the  proposed  method  to  illustrate  Its  efficiency. 

1.  Rigorous  solution  to  the  potential  problems  on  distribution  of  the  electrostatic  fields  generated  by 
nonclosed  spheroidal  Bhells  (Fig.l)  charged  to  a  constant  potential  has  been  constructed.  With  no  restriction 
on  geometrical  parameters,  the  developed  methodics  is  used  for  calculations  of  capacitances,  charges,  and 
electrostatic  field  destributions  about  conductors  of  this  kind.  The  calculation  methodics  for  much  used 
capacitance  coefficients  has  also  been  considered.  As  a  numerical  examjple,  the  a;oy  cross  sectional  views 
of  electrostatic  fields  distribution  about  charged  (y;=l)  nonclosed  spheroids  (Fig.  1)  are  shown  is  Fig.2  (for 
prolate  spheroids  with  a/^  =  0.2, /?o  =  60^)  and  Fig.3  (for  oblate  spheroids,  a/^  ==  2.0,  A  =  30*). 

2.  Proceed  to  the  problem  of  a  plane  acoustic  wave  scattering  by  ^  ideally  stiff  spheroidal  shell  with  a 
circular  hole  shown  in  Fig.4,  The  incidence  and  the  or  axis  direction  are  coinciding,  the  potential  velocity  is 

expjic^)  U) 

The  time  dependence  crp(—tti;<)  is  negteclcd. . 

Implying  the  Dirichlet  boundary  condition,  we  arrive  at  the  dual  series  equations  with  the  kernels 
prolate  spheroidal  angle  functions  (PSAF).  With  the  representation 

Sbi(c.i»)=<(e)|/V(»?)+ (i) 

I  ras0.l  ■  '  J  .  : 

tile  deduced  equations  are  transformable  to  the  equations  with  Legendre  polynomials  as  the  kernels.  'Xliw 
equations  are  solved  with  traditional  scheme  to  yield  the  infinite  system  of  Tmeau  algebraic  equations  of  the 
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Fredholm  type.  Tlie  resulting  frequency  dependences  of  the  tc>lal  scattering  crcm^ction  are  exarnplified  for 
fl/6  =  0.2,  =  30*  in  Fig.6. 

3.  The  rigorously  formulated  problem  for  the  field  generated  by  a  concentrated  electric  source  in  the 
vertical  dipole  form  and  scattered  by  a  thin  perfectly  conducted  spheroidal  shell  with  a  circular  hole  (Fig.5) 
has  been  solved.  The  dipole  posiliuii  is  varying  along  the  antenna  axis.  As  before*  this  problem  is  reduced 
to  the  equations  with  PS AF  of  the  first  kind  as  the  kernels 


At 


■5u(c.>7)  =  0,  >;€(1,ix>) 


^KCo  ~  •  Sii(e,  ij)  s=  ^ ocfSu(c, ti),  ij  €  (»j»,  —1).  • 


Introducing  am  infinitesimally  mall  parameter  of  the  form 


representing  PSAF  as 


(3) 

k 

(5) 


5ir(c,n)  =  rfH,(c)|p/(i,)+  ^  (6) 

and  using  the  Abel *s  integral  transform  procedure,  we  reduce  dual  series  equations  (3), (4)  to  the  infinite 
system  of  linear  algebraic  equations  of  the  «cond  kind. 

By  the  similar  way,  the  vectorial  problem  on  a  plane  wave  diffraction  may  be  attacked.  Unlike  the 
foregoing  prohlems,  the  vectorial  problem  is  reduced  to  the  two  Coupled  dual  series  equations.  The  coupling 
between  these  series  equations  b  due  to  the  interaction  between  electric  and  magnetic  types  of  waves  aubieg 
when  a  circular  hole  b  cut  from  a  thin  spheroidal  shell.  Resting  on  the  outlined  method,  we  solve  equations 
of  this  kind  in  accordance  with  [4], 
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As  it's  well -kncswi  the  method  of  semi -^inverti  ng  of  the 
electromagnetic  wave  dif fraction  problem  operator  is  used 
successf ul ly ,  There  ex ists  the  effective  variant  of  this  method 
in  which  the  original  boundary  value  probl em  operator  undergoes 
decompQsit  ion  that  leads  to  the  extraction  of  diffract  ion  prob¬ 
lem  operator  of  the  single  element  of  structure  with  following 
analytical  inverting  of  its  singular  static  part  using  the 
f ul  1— wave  spectral  method  Ceurrents  on  strips  are  represented 
in  terms  of  Chebyshev  polynomials  expansion  with  appropriate 
weight  functionji  i^e,  entire  orthogonal  basis  which  accounts 
for  field  sihgularities  in  the  neighbourhood  of  each  element 
edges  analytically  rigorously) .  Such  approach  had  allowed  to 
solve  rigor ously  problems  of  di f f racti on  by  per i pdi cal  Cl , 

21  and  finite  extent  non-equi distant  12-41  strip  structures  as 
well  as  by  strip  which  is  spaced  arbitrary  with  respect  to 
plane  interface  of  two  magnet ic-^di  elect rics  C5l;  it  permits  to 
obtain  rigorous  solutions  of  problems  of  wave  scattering 
by  structure  consisting  of  finite  nu^  pfstripsnDn- 

equidistantlY  spaced  in  a  stratified  magnetic- dielectric  medium 
and  by  a  finite-element  microstrip  structure. 

In  the  latter  case  an  excitation  by  el ectromagnetic  wave 
of  the  structure  consisting  of  the  finite  number  Of  rion- 
equldistant  metal  strips  placed  on  a  magnetic-^dielectric  layer 
with  a  metal  screen  is  considered.  The  electromagnetic  field 
i nsi de  and  outside  of  menti oned  layer  has  the  Fouri en-integr al 
form.  After  boundary  conditions  on  the  screen  and  on  the  layer- 
free  space  are  obeyed  the  operator  connecti ng  a  Fouri  er- 
ampl  i  tude  of  currents  on  stri  ps  wi  th  a  Four! er -^ampli  tude  of 
t angenti al  f i el d  component  over  the  struct ure  wi 1 1  be  ob tained . 
Thus  the  electrical  field  is  expressed  in  terms  of  Fourier- 
amplitudes  of  currents  on  all  strips.  So  this  approach  is  based 
on  the  application  of  the  Green  function  of  magnetic-dielectric 
layer  with  the  metal  screen  and  the  superposition  principle. 
Usi ng  the  f ul 1 ^wave  spectral  method  with  Ghebyshev  pal ynomi al s 
as  basic  and  probe  functions  one  can  obtain  the  system  of 
linear  algebraic  equations  for  unknown  coefficients  of  the 
expansion  of  currents  on  strips  at  last. 

Matrix  elements  of  this  system  are,  using  the  knove^ 
1 i t er atur e  term ,  mutual  and  own  r esi stances  of  strip s  for  some 
current  harmonics.  The  recurrent  relationship  for  matrix 
elements  calculations  was  constructed  that  has  decreased  the 
time  of  computing  essential 1 y-  Some  transformati ons  were  done 
to  irtcrease  the  convergence  of  the  integral  describing  own 
resi stances  whi ch  has  the  i nf i ni te  upper  1 i mi t ,  namel y,  the 
si ngular  stati cal  part  of  the  Breen  f uncti on  was  separated  and 
the  integral  of  it  was  expressed  in  analytical  form.  Thus  the 
obtained  system  of  linear  algebraic  equations  was  reduced  to 
the  system  of  the  second  kind  with  the  Fredholm-type  matrix 
operator  £63-  Fornujilas  for  mutual  resistances  allowing  to 
calculate  a  value  of  the  integral  analytically  with  given 
accuracy  in  the  case  when  the  argument  is  great  were  built,  the 
residual  part  of  this  integral  was  expressed  as  the  integral  in 
finite  terms  and  was  computed  using  Gauss  quadrature  methodic. 
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When  surface  waves  in  the  magnetic-dielectric  layer  can  prc^a- 
gate  it  leads  to  the  presence  of  simple  pole  type  singularities 
in  matrix  elements  kernel these  poles  are  roots  of  the 
dispersion  equation  for  surface  waves.  Formulas  ih  which 
mentioned  above  singularities  are  excluded  analytically  from 
integrating  expressions  were  constructed.  The  generalized 
criteria  of  the  accuracy  of  computing  is  the  energy  law. 

As  a  result  of  the  detailed  numerical  analysis  physical 
characteristics  of  scattered  fields  were  investigated  tin  the 
case  of  the  plane  wave  incidence).  Features  of  mutual  coupling 
•of  strips  and  their  interaction  on  the  main  and  higher  current 
harmonics  have  been  studied.  The  given  problem  has  been  solved 
approximately  also  with  currents  on  strips  approximation  by 
chosen  constants  and  results  obtained  have  been  compared  with 
the  rigorous  ones.  Limitations  of  this  approximate  approach 
have  been  deter mi ned ,  its  val i d 1 ty  and  accuracy  of  cal cul at ions 
have  been  Bsti mated.  ■ 

Fig-.l  and  fig.2  present  the  distribution  of  the  scattered 
E-field  amplitude  in  the  far -field  zone  over  the  .equidistant 
strip  structure  consistihg  of  2  strips  (upper  side  of  figures) 
and  of  7  strips  (low  side  of  figures) .  ’Continuous  curves  show 
results  of  the  rigorous  spectral  method,  interrupted  lines  show 
ones  of  approximate  approach  when  currents  on  strips  are  set 
as  chosen  constants.  The  width  of  each  strip  equals  to  the 
wavelength  In  the  magnet ic-dielBctric  layer  and  the  distance 
between  neighbour  strip  edges  equals  to  the  strip  width.  The 
relative  permeability  equals  to  unity  and  the  thickness  of  the 
layer  is  chosen  rather  small,  so  that  surface  waves  in  layer 
can't  propagate.  Other  parameters  are s  for  fig.  1  the  relative 
permittivity  is  2,55  and  normal  incidence  of  the  exciting  wave, 
for  fig.2  the  relative  permittivity  is  4,5  and  the  angle  of 
incidence  equals  to  30  degree- 

First  of  all  one  can  see  that  approximate  approach  doesn^t 
give  right  results  (  for  this  parameters  ).  The  best  its  result 
describes  the  main  beam  for  seven— element  structure  at  fig.l 
but  this^  result  is  obvious  because  i  t  is  def ined  by  the  super— 
posilion  of  main  dif fractional  harmonics  with  corresponding 
phase  shifts  from  fields  of  all  elements.  Higher  diffractional 
harmonics  (which  exist  in  periodical  gratings  11,23  )  are 
present  in  patterns  obtained  by  the  rigorous  method  in  the  form 
of  diffraction  beams-  But  in  approximate  scattering  patterns 
they  are  either  al most  absent  (fig. 1)  or  don ' t  correct  neither 
by  the  amplitude  nor  by  the  direction  (fig.2).  This  is  the 
consequence  of  the  essential  irregularity  in  the  current 
distribution  on  the  each  strip  and,  hence,  of  the  impossibility 
to  approximate  in  a  right  way  the  real  complex  current 
distribution  using  constants  only  irrespective  of  the  number 
of  strips  consi sting  the  structure.  In  such  cases  the  solution 
can  be  obtained  by  the  rigorous  electrodynamical  theory  only. 
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Fig*  1  Frequency  selective  rorface  composed  of  periodic  magTOtodidectnc  rods  . 

ABSTRACT 

The  sc&ttexing  of  electromagnetic  waves  by  periodic  maguetodidec^ric^^l^^ 
the  new  method  based  on  the  rigorous  iniegra!  equations  of  macroscopic  clectrodynanrics.Thc 
general  momenta  of  the  solution  was  given.  The  computer  program  for  the  numerical  solu- 
tioB  of  the  proposed  scattering  problem  was  created.  The  effect  of  moving  of  the  maximum 
transmitting  coefficient  with  changing  of  c  modulation  depth  have  been  observed. 


METHODS  AND  RESIJIT^ 

The  use  of  periodic  magnetodklectric  stnictnres  as  elements  of  microwave  engmeering  sudi  as 
tunaUe  selecti  ve  filters,  j^arizes,  varied  types  of  shields  as  well  as  acecierating  structure  of  laser 
acederatprs  makes  the  study  of  the  problem  of  dectromagnetic  waves  scattering  by  periodic 
magnetodidectric  layers  very  mieresting  fo^  practical  purposes.  At  this  point,  of  paxticular 
practical  interest  are  the  structures  with  controlled  e  and  /i  of  the  layer.Thc  sdviiig  of  these 

proHems  has  been  carried  out  advantageously  by  the  new  method  submitted  here. 

The  sc^ution  eff  the  problem  of  scattering  polarized  wavw  by  periodic  inuHiseg- 

mexit  magnetodielectric  layer  (Fig.l)  and  algorithm  for  the  calculations  of  the  scattered  fidd 
characieristies  have  been  obtained.  Initial  egressions  for  solving  this  problem  are  the  rigorous 
integral  relations  of  macroecopic  dectrodynamica  which  axe  equivalent  to  the  MaLXweU’s  equa^ 
tions  /I/.  These  equations  satisfy  the  boundary  conditions,  quasiperiodic  conditions,  the  law 
of  energy  conservation,  condition  of  energy  Uniitation  in  any  finite  spatial  vdame  and  describe 
the  fidd  in  every  point  of  apace. 

The  ^pbeation  of  this  method  permits  to  find  the  scattered  field  characteristics  in  wide 
irequescy  range,  in  particular  in  resonance  region  /2/.  The  problem  for  the  integral  equations 
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c&n  be  reduced  to  the  finear  differential  ^uatbna  of  the  first  degree  with  constant  coeffioenU  ' 
in  fonctlonalfl  by  entering  the  limited  integral  operator.  In  this  manner  it  be  shown  that 
scattered  fields  can  be  obtained  through  functionals  mentioned  above  which  contained  complete 
information  on  geometric  and  physical  field  properties  of  one  segment  of  layer. 

The  general  vector  problem  was  divided  with  two  scalar  problems  (for  H-  and  E-  polarisation). 
For  the  structure  formed  by  periodic  magnetodielectric  rods  the  solution  has  been  buQi  for  any 
polarisation  (  for  examine  for  polarisation  ).  And  the  solntion  fc^  &  pcJarisation  has 
been  formed  by  formal  subslitutionB  :  changing  H  and  E  components  on  E  and  H  components 
accordingly  and  e  on  /x,  /i  on  «,  A  on  — fc  . 

The  integral  functional  can  be  written  as : 

EWi -1) 

■  ■  ^  :  JmUM 

and  the  Hmited  integral  operator  aa  : 


tr 


Solving  the  obtained  system  of  differential  equation  for  the  unloKywn  functionak 
and  Bnbetiiuting  the  obtained  solutions  into  expressions  for  the  scattered  fields  we  can  write 
transmitted  fields  for  the  H- polarisation  as  : 


sf  =  Fo,  f  E  . 

i  .  ^  ^IKSX  ' 

V  Here  Ogg  defining  spatial  harinmiic  amplitudes  and  are  the  roots  of  the  dispersion  equation. 

As  an  example  we  have  considered  the  case  of  multisegment  magnetodidectiic  layer.  As  a  rise 
of  one  layer  segment  shown  in  (Fig.l)  tend  to  sero,  a  layer  becomes  holographic  with  a  smooth 
changing  of  e  along  the  X  axis  .  By  this  means  we  can  studied  the  model  of  acouskx^xtic  gratings 
accompanied  by  the  exploration  of  the  effect  of  maximal  transmitting  coefficient  movement 
with  changing  of  an  e  modulation  depth  on  inddent  angle.  The  solution  for  case  of  endoaed 
magneiodieiectric  grating  h^  been  also  built /3/. 

For  H-  pdarisation  dis^rsive  equation  of  the  structure  described  above  can  be  written  in 
the  following  manner : 

a'  . 

Where 

Ugg  =  2tT/i(5 -- n),  =  (Jk*  +  2T/In)/ ,  ^ 

The  integrals  can  be  calculated  as  shown  in  /4/. 

One  of  the  aspects  of  holographic  layers  consideration  is  to  obtain  of  frequency  resonances 
the  structure  when  layer  are  acousiooptical  dement . 
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Fig.2  The  ti^sxnittmg  cc^efSdeni  T©  aa  a  function  of  an  ihsident  wave  angle  . 


In  (Fig.2)  displacement  of  marked  with  cross  resonance  when  c  depth  have  been  varied  is 
dearly  visible.  Here  the  dashed  curve  is  for  e  —  69  the  solid  curve  is  for  c  =  69  —  7 ♦  cos(2x/ir) 
This  mvestigaiion  demonstrates  a  possibility  of  mechanical  change  of  structure  selective  prop* 
eriicH,  what  can  be  used  for  loicrawave  device  design. 

The  convergence  and  accuracy  of  the  method  were  checked  by  a  conservation  of  power  crite* 
m)ii  and  comparison  with  other  pubBshed  data,  for  examine  with  /5/. 
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ABSTRACT 

The  excitation  of  a  planar  spiral  placed  in  the  three- layer 
dielectric  mediiun  in  asymmetric  wave  regime  has  been  analiSed 
using  the  integral  representation  method.  Numeric al  computations 
of  the  patterns,  polarization  and  power  characteristics  have  been 
carried  out  for  various  geometrical  and  physical  parameters.  A 
great  influence  of  the  system  geometry  and  outer  medium  permittl- 
vity  on  radiated  field  characteristics  has  been  shown. 

INTRODUCTION 

In  an  earlier  publication  the  contact  planar  spiral  radiator 
of  an  alive  organism  was  proposed.  But  a  real  radiator  consists 
of  spiral  with  substrate  and  superstrata  layers  and  dielectric 
half space  (a  model  of  alive  organism) .  In  f1 J  the  model  of  above 
mentioned  system  and  the  method  of  its  investigation  for  symmet¬ 
ric  waves  was  suggested.  The  radical  changes  of  the  radiation  cha¬ 
racteristics  in  the'  presence  of  dielectric  medixim  were  shown.  The 
investigation  of  an  asymmetric  excitation  of  such  system  is  of  in¬ 
terest. 

PROBLEM  SOLUTION 


The  system  under  cons idarat ion  Consistsof  planar  spiral  with 
substrate  and  auperstrate  layers  and  half space  medium.  We  use  the 
cylindrical  coordinate  system  p,  ,  5:  and  consider  three  ragions: 

J-  y  ~  !]l~  3  ,  where<!5j 

^ ^  ^  are  permittivities.  The  spiral  described  by  the  curve 

where  C(  is  the  spiral  constant,  is  located  in 
t^  ^ane^-  ^  and  excited  by  the  system  of  voltage  sources  loca¬ 
ted  at  the  ring  of  small  radius  Po  •  The  source  field  is 

E '  ^0  ^  «  where  Sf^'P>)±s  the  Dirac  delta  functi¬ 
on,  is  the  input  amplitude.  The  grounded  plane  is  located  in 

the  plane 

The  electric  and  magnetic  fields  for  each  region  are  obtained 

from  electric  and  magnetic  ff'^  Hertz  vectors,  oriented  along 

the  ?  axis  • 


'UP  (I) 


where  P\-  is  the  free  space  wave  number, 

Jjk  '  is  The  free  space  wavelength,  j  is  the  region  number,  • 

Enl  are  the  coefficients  to  he  found. 


479 


For  the  first  region  (/=1)  J! ^  ^  •  That  is  the  fields 

for  one  asyamietric  y^ave  {number  )  may  be  represented  as 

i-  V/  J  > 

where  simbol  is  argument  derivative.  " 

Using  the  conventional  boundary  conditions  on  the  dielectric _boun- 
dares  and  metal  screen  and  the  approximation  of  an  anisotropic~coh'” 
ducting  plane  for  the  spiral,  a  set  of  10  integral  eguatlons  for 
unknown  functions  has  been  obtained.  These  integral  equations  are 
transformed  by  means  of  inverse  Hankel  formula  to  two  coupled  dif¬ 
ferential  equations  for  two  unknown  functions  and  algebraic  expres¬ 
sions  for  other  ones. 

It  is  convenient  to  express  the  far  fields  in  spherical  coor¬ 
dinates  .  •Sh&n  0  ^  Per  the 

first  term  in  (2)  may  be  neglected,  because  ^/F //?-**«=  "^  O  .  Using 
the  recurrency  relation  between  the  Bessel  functions  and  asympto¬ 
tics  for  large  arguments  one  can  use  stationary  phase  method  for 
integral  (2)  calculation.  The  stationary  point  in  our  case  is 

d  and  the  expressions  for  far  fields  are 


/ppp-pj  - 


Using  the  algebraic  relations  between  the  coefficients,  it  was 
found,  that  'fid 


Belli) 


Thus  the  problem  is  redused  to  a  solution  of  two  coupled  differen¬ 
tial  equations  for  unknown  functions 

-  94)  Bella)-- 


where  a  BjApf)  >  are  the  known  functions  of 

,  ti j  source 

fimctlon.  The  system  (5)  was  transformed  to  the  normal  form  acce¬ 
ding  to  /2j  .  It  was  also  established  that  the  expressions  fox  Ctpi, 

(3)  are  to  be  multiplied  by  d /sxpPf a  17  i^P/S  ^ 'j  ,  if 
there  are  the  losses  in  haifspace  meclium. 
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HUMERICAIi  RESDIffS 

The  computations  were  carried  for  the  regime  of  =1  and  a . 

set  of  parameters  4*,  P//*/?-*  /  ^  .  It  was  established  that . 

for  F,~F^  =  €^~J  i  a  -  t  where  and  various 

the  patterns  were  smooth  and  have  maximum  in  the  normal  direc- 
ition.  The  increase  of  //  leads  to  the  decrease  of  amplitudes* 

In  the  case  of  Fj -F 2' F  >  J  pattern's  smoothness  does  not 
vary,  but  the  increase  of  f  causes  the  growth  of  the  radiated  po¬ 
wer  and  narrowing  of  lobe  width.  Pig. la, b  show  the  amplitudes  of 

Ee  fTo  halfspace  medium  (  i  =1 )  as  the  function  of  the  angle  ^  for 

Jl:  ^  The  dashed  curves  are  given  for 

"the  solid  curves  above  and  below  the  dashed  ones  are  given ■ 

for  and  0,3  accordingly.  Pig. la  is  for  ^  =10, 

Pig. 1b  is  for  U  =2.  Prom  Fig. la, b  one  can  see  that  if  a  permit¬ 
tivity  of  half space  medium  d y  is  grater  then  the  permittivity  of 
supersyrate  Fs,  ^  the  side  lobes  (SL)  in  the  patterns  appear.  The 
increase  of  brings  about  the  risi^  Of  SL  amplitudes  and  SL 
shift  to  the  main  lobe.  For  some  fc^Xho  SL  merges  with  the 
main  lobe  and  after  that  the  increase  of  Fj  causes  the  narrowing 
of  the  main  lobe  and  the  appearing  of  the  second  lobe.  Pig. la, b 
show  that  for  large  {■'^10)  the  spread  of  this  process  is  more 
fast  than  for  small  l(  It  is  also  observed  that  for  small 

//  the  field  amplitude  is  bigger  than  for  great  i/  for  the  same  - 
permittivity.  In  addition,  pattern  does  not  reach  the  normal  to 
the  spiral  for  small  //but  the  lobe  widths  decrease  with  the  in¬ 
crease  of  F i.  . 

In  the  case  of  small  separation  between  spiral  and  screen 
( =0,2min)  we  have  the  similar  behaviour  but  with  smaller  ampli¬ 
tudes.  The  presence  of  the  losses  in  halfspace  medium  causes  the 
decrease  of  Ft)  amplitudes.  For  the  given  losses  the  increase  of 
results  in  the  amplitude  decrease  for  //• -IQ,  but  for  ^  =1-2 
the  amplitudes  pass  through  the  maximum.  In  the  vicinity  of  this 
maximum  the  field  amplitude  may  be  equal  to  the  field  amplitude 
in  a  lossless  medium.  But  patterns  in  lossy  medivim  are  conical 
while  they  are  axial  in  a  lossless  system.  _  .a 

Pig. 2  shows  the  axial  ratio  /t/  as  function  of  k  for  pa¬ 
rameters  mentioned  in  Pig.  la.  It  is  clear  that  the  increase  of 
F±  gives  rise  to  the  variation  of  the  polarization  from  the  cir¬ 
cular  to  linear  in  the  direction  normal  to  the  spiral,  but  for 
some  ^  the  Jzj  may  be  equal  to  0,6  -  0,8. 


REFERENCES 

(1)  N.E. Ivanova  et  el.;  "The  electrodynamic  properties  of 
plain  logarithmic  helixes  in  three  layer  dielectric",  Radiotek. 
i  Electr.,(l993)t  V.38.K11.  pp. 2010-2013. 

(2)  K.P.Yatzuk  et  b1.:  "  Calculation  and  experimental  inves¬ 

tigation  of  the  radiation  characteristics  of  a  coupled  logarith¬ 
mic  spirals  with  screen",  Izv.VUS,  Radioelec tronica,  [1978^1  v. 21 , 
N8,  pp.3-9* 


481 
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Electron  beams  have  usually  a  rather  complicated  structure  due  to  a  number  of  reasons, 
both  the  intrinsic  {the  influence  of  electron  space  charge)  and  the  outer  ones  depending  on 
the  niethod  of  the  beam  focusing.  In  general  case,  electron  motion  is  nonlaminar  that  is 
very  undesirable.  This  paper  presents  the  analysis  which  answers  to  the  question  whether 
or  not  such  an  Electron  Optical  System  (EOS)  could  be  synthesized  that  a  strictly  laminar 
high-power  electron  beam  with  any  desired  electrical  and  geometrical  characteristics  would 
be  formed,  and  what  kinds  of  restrictions  take  place  in  this  case.  As  opposed  to  the 
previous  investigations,  the  problem  has  been  formulated  in  most  general  terms,  that  is, 
first,  the  conditions  ensuring  thfe  forming  of  the  given  l^i^una^  high-power  electron  beam 
with  the  finite  width  have  been  found,  without  any  approximation  or  restriction  on  the 
method  of  the  beam  focusing,  and,  second,  the  Dirichlet  or  Neumann  boundary  value 
problem  for  the  Poisson  equation  has  been  considered,  instead  of  an  ill-posed  Cauchy 
problem. 

Suppose  a  dense  axial  electron  beam  is  to  be  formed,  with  electron  trajectories  given 
by  the  equation 

r  =  r(rc,  z)  =  [(l  -  a)  cos  -  co3~^]  +  (i  +  a)]  (l) 

and  the  trajectory  density  distribution  at  the  input  end  being  as  follows 


Pcirc)  = 


{cos  (xTe/Pc)  +  1 )  if  r*  <  P, 
0  ifrc>Rc 


where  L  is  the  length  of  EOS  section  (0  <  z  <  L),  iJ  is  its  maximum  radius  (0  <  r  <  ii), 
z  and  r  are  the  longitudinal  and  radial  coordinates,  respectively,  is  the  parameter 
determining  the  specific  trajectory  of  the  beam  passing  the  point  (r,  z),  namely,  the  radial 
coordinate  of  the  initial  point,  Pco  is  the  axial  density  of  trajectories,  is  the  input  radius 
of  the  beam  {Rc  =  0.5R),  Rj^  ^  aRc  \s  the  output  radius  ,  a  <  1  is  the  coefficient  of 
beam  compression. 

To  determine  the  fields  forming  the  given  beam,  it  is  necessary  to  solve  the  set  of 
equations  which  consists  of  the  motion  equation  for  the  charged  particles  in  the  axial 
electric  and  magnetic  fields, 


\ar  dzdzJi  Kdz)  \  i 
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wsd  tie  Poisscm  eq^atioa 

0  +  +  ^  =  (4) 

dr^  r  dr  dz^  cq 

where  Q  ^  Qi^yz)  =  P  +  ?7  /r^  is  the  iiuknown  eqniyalent  potential  of  the 

general  force,  U  {r,z)  is  the  electric  potential,  ^(r,z)  is  the  magnetic  flux  connected 
with  the  circmt  of  the  radins  r,  is  the  value  of  at  the  initial  point  of  trajectory, 
r)  =  e^/Sr^m,  e  and  m  are  the  charge  and  the  mass  of  electron  respectively^  Co  is  the 
absolute  dielectric  coefficient,  p(r,z)  is  the  electron  charge  density  which  determines 
the  electron  concentration  in  the  beam.  The  electron  Goncentration  depends  on  both 
the  trajectory  density  cross-Bectional  distribution  and  the  longitudinal  component  of  the 
electron  velocity  V  at  the  point  with  coordinates  (r,  z),  bo  it  depends  on  the  solution  of 

the  equation  (3)  as  far  as  V  (r,  z)  =  2e<5/m  (1  +  (Prjdz^), 

Thus,  we  see  that  the  problem  considered  in  the  most  general  and  accurate  formulation 
can  be  solved  by  determining  the  equivalent  potential  Q  from  the  equation  (3)  and  then 
electric  potential  U  from  the  equation  (4).  The  equipoiential  surfaces  U  =  const  yield 
the  form  of  the  possible  EOS  electrodes  as  well  as  their  potentials.  Using  these  potentials 
and  the  definition  of  Q  presented  in  (3),  the  function  z)  and  the  current  density  in 
the  EOS  windings  can  be  calculated  from  the  corresponding  Maxwell  equation.  Such  a 
problem  can  be  solved  only  numerically. 

The  set  of  the  equations  (3)  and  (4)  must  be  completed  by  the  boundary  conditions. 
Since  the  equation  (3)  is  the  partial  differential  equation  of  the  first  order,  it  could  be 
solved,  in  general,  by  the  method  of  characteristics.  In  this  case,  the  boundary  condition  is 
given  by  setting  the  value  of  the  function  Q  along  some  curve  ’which  is  not  a  characteristic 
of  this  equation.  The  analysis  shows  it  is  advisable  to  set  the  function  on  z-axis,  i.e.  at 
r  =  0,  The  form  of  this  function  has  essential  influence  on  the  further  solution  of  the 
problem,  and,  in  particular,  on  the  electron  Velocity  distribution  and  the  current  density 
in  the  beam.  The  Dormand-Prince  method  with  automatic  choice  of  integration  step, 
^  weB  as  accuracy  checking  of  obtained  solution  is  used  for  solving  this  equation.  The 
Poisson  equation  (4)  has  been  solved  by  Stoners  strongly  implicit  procedure.  In  order  to 
apply  this  method  ,  the  rectangular  domain  of  calculation  ought  to  be  considered  and  the 
boundary  conditions  at  all  the  sides  of  it  should  be  formulated.  The  most  common  eind 
convenient  conditions  may  be  such  ones  when  the  values  of  the  potential  (7  are  equal  to 
the  equivaleiit  potential  Q  calculated  on  the  previous  stage  of  the  solution  at  all  the  parts 
of  the  boundary.  Thus,  the  Dirichlet  boundaxy- value  problem  for  the  Poisson  equation 
arises 

=  Qt5  (5) 

where  s  is  the  closed  boundary  of  the  rectangular  domain  of  calculation.  Under  these 
conditioag  the  relation 

'l>  (rs^^s)  =  A  (re  (ry,  zs))  (6) 

takes  place  at  zJl  the  points  of  the  boundary.  In  the  plane  z  —  0  this  relation  must  be 
satisfied  by  definition.  Therefore  ,  the  condition  =  Q  is  obligatory  at  \he  boundary 
z  =  0.  The  potential  U  can  be  gives  arbitrarily  at  the  boundaries  z  =  L  and  r  =  R. 
It  means  that,  in  general,  the  magnetic  fluxes  are  not  connected  by  the  relation  (6).  In 


this  work  we>  hov/ever,  consider  only  the  caae  v/hen  I/^  =  Q  at  these  boundaries.  As  for 
the  condition  to  which  the  potential  on  the  a>a3  of  the  EOS  have  to  satisfy,  this  one  is 
reduced  to  requirement  of  the  absence  of  the  radial  field  component  (this  is  due  to  the 
axial  symmetry  of  the  problem  and  the  finitencss  of  current  density  at  the  axis),  namely, 

(7) 

Tor  the  potential  Q  the  equation  DQ/dr  =  0  is  valid  too  ,  because  drfdz  =  0  and 
<Pr{dz^  =  0  at  the  axis.  Since  the  magnetic  field  does  not  tend  to  infinity,  the  magnetic 
flux  -0  decays  rapidly  with  decreasing  r  {'ip  for  r  0)  and  the  equation  dQf  dr  =  0 
is  in  good  agreement  with  the  condition  (T).  Moreover,  since  =  0  at  r  =  0,  the 

equation  U  =  Q  is  velid  at  the  axis  z  too.  This  equation  can  be  used  as  the  boundary 
condition  at  this  paxt  of  the  boundary.  However,  keeping  in  mind  the  possible  errors 
arising  under  numerical  simulations  we  used  (7)  at  r  =  0  and  the  condition  (5)  at  the  rest 
three  parts  of  the  boundary  (z  =  0, 2;  =  i  and  r  =  iZ). 

Note,  that  functions  IT  and  Q  differ  from  each  other  only  in  the  presence  of  magnetic 
field,  such  that  ^  V'c(^c)  the  inner  pointa  of  the  domain  of  calculation.  It 

means  that,  in  general,  the  arbitrary  laminar  electron  beam  cannot  be  formed  only  by 
electric  field  without  magnetic  one.  The  choice  between  different  solutions  under  the 
given  configuration  of  the  beam  depends  on  formulation  of  different  boundary  conditions 
to  the  equations  (3), (4).  Thus,  it  is  connected  with  arbitrary  choice  of  the  four  functions: 
electric  potentials  17 (;R,  z)  and  I7(r,  Z)  along  generatrix  r  =  il  and  at  the  EOS  output 
croes-section  z  =  i,  respectively;  the  magnetic  flux  the  input  croBS-section  z  =  0 

and  the  equivalent  potential  Q(0,  z)  at  the  axis  r  =  0  (in  the  last  case,  if  the  velocity 
of  electrons  at  the  beam  axis  was  not  given  beforehand);  According  to  the  boundary 
conditions  chosen  above,  this  paper  considers  basically  the  influence  on  the  electron  beson 
of  the  two  functions  out  of  four,  namely,  Q(0,  z)  and 

The  different  kind  of  beards  were  considered  including  the  cases  of  transverse,  lon¬ 
gitudinal  and  simultaneous  transverse-longitudinal  compression  as  well  as  the  uniform 
cylindrical  beam.  The  distributions  of  electric  and  magnetic  fields  for  the  most  general 
situation  when  both  the  transverse  and  longitudinal  compression  of  the  beam  takes  place 
are  shown  in  Fig.  1.  Here  a  =  0.5  and  the  dependence  Qo(^)  ^  given  ns 

.  <?o(z)  =  Qce*p(-zV^").  (8) 

where  Qco  is  the  potential  at  the  EOS  input  end,  i  is  the  characteristic  length  of  the 
Q  variation,  such  that  Qo(0)/(5o(i)  =  Fig.la  shows  that  the  electrodes  creating  the 
electric  potential  must  have  the  shape  of  rotation  surfaces  coinciding  with  some  of  the 
ciJculated  equipoientlal  surfaces  (thin  curves)  zmd  have  a  corresponding  value  of  potentiaL 
In  this  case,  for  example,  we  can  chose  the  surfaces  determined  by  thick  curves  1-3  in 
Fig.la.  Thus,  in  the  situation  consider^  we  arrive  at  the  three  electrode  scheme  of  EOS. 
Note  that  the  solution  obtained  has  some  interesting  features  which  consist  in  the  fact 
that  the  inner  electrode  (the  second  in  Fig.la)  has  not  repulsive  but  attractive  potential 
with  respeci  to  the  both  electrodes  1  and  3  .  The  latter  enables  one  to  balzince  better  the 
focusing  action  of  magnetic  field,  which  is  greater  for  exterior  trajectories  than  for  interior 
ones.  Such  a  balance  provides  the  necessary  laminar  structure  of  the  beam  with  a  uniform 
thickening  of  trajectories  and  without4heir  intersection.  Fig. lb  shows  that  magnetic  flux 
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—  0,  f  or  0. 


distribution  needed  to  create  the  given  beam  haa  a  compEcated  form  ,  but  it  can  be 
simpMed  conBidersbly  if  the  values  of  are  changed.  The  required  distribution  of 

•z)  can  be  always  created  by  the  corresponding  distribution  of  asimuthal  currents 
calculated  from  the  Maxwell  equations. 


12  2  3 


Fig.L  Spatial  distribution  of  (a)  the  electric  potential  U‘  and  (h)  the  magnetic  flux  i)* 
in  the  relative  units  fU  —  cvU*  ,  ip  =  c^i>*,r  —  ci,r*yX  —  CLZ*y  where  cu  and  cj,  are  the 
scaling  factors,  C4  —  The  dashed  line  depicts  the  edge  of  the  electron 

beam. 

ThiiSj  the  general  possibilities  and  the  conditions  for  creating  dense  laminar  axi^ 
electron  beams  with  arbitrary  configuration  and  any  kind  of  beam  compression  have  been 
studied.  The  problem  of  calculating  electric  and  magnetic  fields  forming  the  given  beam 
wm  reduced  to  successive  solution  of  the  linear  partial  differential  equatiGn  of  the  first 
order  (the  equation  for  the  equivalent  polentia]  Q  with  variable  coeffiGients),  and  the 
second  order  one  (the  Poisson  equation  with  the  charge  den sity  dependent  on  Q),  under 
the  suitable  conditions  at  the  boundaries.  If  both  the  spatial  beam  structure  (the  form  of 
the  trajectories  and  their  spatial  distribution)  and  the  axial  electron  velocity  are  given, 
theUi  under  the  given  choice  of  electric  potential  at  the  EOS  boundaries  and  the  magnetic 
fiux  in  the  input  cross-section  of  the  beam,  the  solution  of  the  problem  always  exists  and 
is  unique.  A  number  of  numerical  BolutionB,  for  a  set  of  qualitatively  different  physical 
situations  being  of  the  practiGe  interest  has  been  obtained.  Since  the  formulation  of  the 
boundary  conditions  for  this  problem  (the  choice  of  values  of  magnetic  flux  and  potentials 
on  the  boundaries)  is  arbitrary,  to  a  great  extent,  then  the  solutions  of  the  problem  may  be 
different,  i.e.  the  beam  with  the  given  parameters  can  be  created  by  essentiaily  different 
dectric  and  magnetic  fields. 
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SPACE-TIME  CONCENTRATION  of  WA7E  PROCISSES  . 

D.Zanevskiy,  S.Nefedov,  Ph.Petroslan 
Minsk  Higher  Military  Engeneering  college 
220057  Minsk-57  MHMEO 

ABSTRACT 

The  work  deals  with  the  method  of  radiation  energy 
oonoentration  in  the  fixed  volume  of  space  in  far  zone.  It  tos 
investigated  a  radiation  field  structure  of  lineal  and  double 
-  dimensional  niultl-frequency  arrays  (MPA)  with  the  lineal  law 
of  frequensy  alteration  by  means  of  analytic  and  numerical 
methods.  It  was  described  a  way  of  creation  of  eleotrlo  and 
guided  sectors  of  radiation  energy  conpentration  in  compliance 
with  the  situation  and  dimensions. 

The  work  oomprices  the  results  of  numerical  modulation  of 
radiation  field  for  different  amplitude  and  frequency 
distribution  on  aerial  array  and  different  amplitude  and 
frequency  of  elements,  the  comperative  analysis  of  their 
energetical  characteristics  between  themselves  and  with 
energetics  of  one  -  frequency  array  as  well  as  the  question  of 
radiation  field  stability  relative  to  an  error  of  aerial 
production,  phasing  arrange,  heterogensity  of  distribution 
way,  frequency  unstability  and  so  on.  The  work  deals  with 
questions  of  practical  realizations  of  multi '  -  frequency 
arrays. 

INTRODUCTION 

The  problem  of  wave  processes  concentration  has  two 
major  applications:  transmission  of  energy  without  using 
guiding  equipment  or  localization  of  ener^r  in  the  fixed 
volime  of  space. 

•  The  conventional  methods  of  energy  concentration  such  as: 
using  collimated  beams  or  their  superposition  (energy  chan¬ 
nelling)  and  focusing  of  radiation  at  point  (energy  localiza¬ 
tion)  are  usually  used  at  the  present  time. 

The  essential  disadvantage  of  the  traditional  methods  ’of 
energy  conoentration  is  a  limitation  of  the  action  radius  by 
dimensions  of  Prienele  zone  and  this  fact  limits  a  sphere  of 
its  application.  This  disadvantage  may  be  solved  by  expand- 
sion  the  radiation  signal  spectrum.  Using  the  nonsinus  signals 
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f  1 }  detenniiiss  the  conipllosted  technical  realization. 

Therefore,  it  is  very  interesting  to  find  the  decision  of 
this  problem  by  means  of  multi-frequency  arranges  arrays, 

which  each  of  elements  radiates  harmonius  signal. 

SPACE-TIME  COKGEKTRATION  of  WAVE  PROCESSES  by  MEANS  of  MPA 

Using  the  multi-frequency  excitation  of  aerial  arrays  in 
contrast  to  conventional  one-frequency  arrays  gives  the  addi¬ 
tional  extention  in  time  coordinate  that  results  the  specific 
space-time  structure  of  radiation  field  for  this  array-  This 
structure  depends  on  geometry  of  radiation  aperture,  number  of 
elements,  amplitude  and  frequency  distribution  ( APD)  of  radia¬ 
tion  signal.  The  numerical  aerial  array  model  was  created  to 
analize  the  field  Bpace-time  structure. 

It  was  studied  the  dependence  of  radiation  field  space 
distribution  as  function  of  radiational  elements  frequencies 
location  on  aperture  with  uniform  amplitude  distribution.  It 
was  considered  linear  frequency  distribution  along  aperture 
coordinates,  superposition  of  linear ,  square  and  arbitrary 
nonlinear  distributions.  Sometimes  it  can  be  ^ined  analitioal 
expressions  for  radiation  field  that  are  described  in  the 
report. 

Field  distribution  for  linear  aerial  array  with  linear- 
increasing  FD  f=f g+nf „  is  described  by  expressioni 

P(6,r)  =  ■f—  .  f  = -kgdsinO  +  k^r  -  fit.  (1) 

sin(|) 

This  expression  is  differed  from  well-known  expression  for 
one-frequency  array  by  addition  argument  $  items,  which  give 
to  field  a  new  properties.  The  radiation  field  at  fixed  time 
moment  has  evident  maximum  if  the  frequency  dependence  of 
element  coordinates  is  linear.  This  maximum  moves  along  angle 
coordinate  in  limits  of  radiation  pattern  width  with  changing 
a  range  of  observed  point.  All  picture  moves  along  propogation 
ftYiR  with  speed  of  this  wave  if  time  t  is  altemating.  Dis¬ 
advantage  of  such  AFD  is  redistribution  of  average  power 
density  during  the  period  that  becomes  untfoiro  in  limits  of  ■ 
element  radiation  pattern  width. 

Field  distribution  for  linear  array  with  linear-changing 
symmetric  FD  f=fginfg  is  described  by  expression: 
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^  ooB^^P  -  oos^^P  P  =  -lC0dsin9 
P(0»r)=2  -r  ooBp  -  coBfl  ~  '  Q  = 

In  normal  direotion  Ib  formed  apace  field  pulBS,  which 
exceed  the  field  In  other  directions  hy  3-8  dB. 

It  was  determined  that  linear  MPA  are  not  able  to  solve  a 
energy  oonoentration  task  beoanse  of  aproximately  uniform 
redistribution  of  average  power  density  during  the  period. 

More  best  spaoe  field  distribution  Is  provided  by  use 
rectangul^  or  hexogonal  aerial  aperture.  d5ie  anallse  of 
results  shows  that  the  most  optimal  case  is  superposition  both 
linear-increase  and  linear-decrease  frequency  distributions  In 
dependence  on  the  elements  number.  In  this  case  partial  fieids 
in  fixed  space  of  volume  is  sumed  with  the  same  phase,  but  in 
other  space  -  with  casual  phase.  It  results  to  additional 
power  gain.  The  field  distribution  of  such  array  is  a  space 
pulse  sequence ,  which  is  formed  in  sectors  where  toot  place 
the  condition  of  sinphase  summing  of  partial  fields  of  ele¬ 
ments  and  move  with  the  period,  which  is  inverse  proportional 
to  modulate  frequency.  Elements  number  increase  results  to 
increasing  pulse  field  intensity  with  it  simultaneous  shorting 
in  the  time  and  decrease  of  relative  level  of  field  outside 
space-time  length. 

Kind  of  amplitude  distribution  insignificantly  changes 
field  structure,  but  it  promotes  increase  the  degree  of  recip¬ 
rocal  compensation  of  spectral  components  outside  the  fixed 
local  volume  and  provides  redistribution  of  this  power  part. 

The  creation  of  electric-guided  sectors  of  j^diation 
energy  oonoentration  in  compliance  with  the  situation  and 
dimensions  may  be  reached  by  means  of  the  aerial  radiation 
time  strobing.  Distribution  of  average  density  of  power  flow 
during  the  period  of  the  considered  field  is  represented 
in  fig. 1  (a  -  space  distribution,  b  -  aerial  structure,  c  - 
'pro;}ection  of  space  distribution). 

IHie  ^lise  of  fig.  1  shows  that  average  radiation  energy 
during  the  period  is  concentrated  in  the  fixed  volume  of  spa¬ 
ce.’ 

It  was  studed  the  question  of  radiation  field  stability 
relative  to  different  destability  factors  (errors  of  aerial 
production, phasing  arrange,  heterogensity  of  distribution  way, 
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frequency  unstabilily  and  bo  on).  The  anaiieis  of  nesulLs  ehow 
that  i*adiation  field  struoture  has  good  stability  relative  to 
influence  of  different  destability  factors  and  it  was  almost 
not  changed  by  the  influence  of  root-mean-square  deviation 
frequency  not  over  10  phase  -  40  ,  amplitude  -  30^. 

The  work  deals  with  the  questions  of  practical  realiza 
tions  of  scientific  reaserohers,  such  as;  using  cross- 
concentrating  field  in  purpose  to  create  the  ionization  volume 
of  atmosphere  for  its  application  in  radiocomunication  re¬ 
transmitter;  using  multifrequency  ultrasound  devices  in  purpo¬ 
se  to  increase  quality  of  medical  image  and  increase  safety 
measures  medical  reaserohes,  using  MPA  in  purpose  to  increase 
secrecy  and  vitality  of  radars  and  radiocommunioation  devices. 

CONCLUSION 

Therefore,  the  field  concentration  method  with  use  of  MPA 
allows  to  expand  the  capabilities  of  existente  technical 
devices  considerably'  and  reach  new  properties,  which  are  not 
realized  by  means  of  conventional  devices. 
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Modern  methods  of  meaBU2*ement  allow  to  determine 
with  a  high  degree  of  axactnees  dieleo trios  eleotrio 
parameterB.  However,  the  ovorwhelining  maaority  of 
existing  meaBiroing  ins t raiment e  made  on  the  basas  of 
those  methods  are  aotually  deBtiniotive  measiirlng  means, 
allowing  to  meaBure  only  integral  ohaiTaoteristioB  of 
materials.  Modem,  teohnplo^ioal  prooess  demands  a 
basioally  new  appmaoh  to  this  piMblems:  manufaotruring 
new  high  ^  Q  and  higlily  espensive  materials 
(lenooBapphires,  artifioial  rubina,  a  number  of  ferrite 
marltB,  eto. )  ^d  also  goods  on  their  basiB  (  stripilne 
bases  ^and  miorowave  integral  sohemes,  dieleotrio 
waveguides  and  reBonators ,  eto. ) :  BuppoBes  materials 
oharaoteristiQB  meaBurements  without  ruining  them.  Prom 
this  point  of  view  nondeBtmotive  methods  of 
meaBurement  poBsesB  obvious  advantages-  NovertheleBs , 
the  existing  non—deBtruotive  measuring  means  meetly 
have  a  not  vei^  exactnesB  of  meaBurement  of 

dieleotrio  permittivity,  magnet  io  permeability  and 
material  loBses  end  also  have  low  BenBitivity  to  their 
changes  -  On  the  baBis  of  our  analysis,  an  automated 
ooraplex,  allowing  to  measure  BampleB  mBability  with 
hi^  degree  of  exaotneBS,  effeotively  and  without 
deBtruoting  them,  has  been  oonstmoted.  An  original 
part  of  the  complex  ±b  a  meaBuring  devise  on  the  basis 
of  a  Vwaveguide  junotibn  of  oylihdrioal  and  i*adial 
waveguides.  The  nooesBary  oOndition  of  natural  modes 
presenoe  in  Buoh  a  struoture  is  out— off  of  all 
junotion— forming  waveguides  at  resonant  frequenoes.  In 
Buoh  a  oase  an  eleotromagnetiQ  field  of  i^esonating 
modeB  appears  to  be  oonoehti*ated  in  the  regioii  of 
waveguide  junotion  and  itB  oharaoteriBtioB  (reBonant 
frequenoy,  Q— faotor  )  are  determined  by  the  region 
sizeB  and  the  paramaters  of  that  volume  of  the  sample 
being  tested,  whioh  is  to  be  found  in  the 

above— mentioned  region.  {The  ooupling  of  a  measuring 
resonator  with  the  plumbing  of  the  automatio  VSWR  and 
attenoiation  meter  (a  meaBuring  oomplex  blook— diagram  is 
shown  in  Eig-  I  )  ^  is  aohieved  by  waveguidB-to-ooaxial 
adapters  ending  in  exo  it  at  ion  elements  and  a  waveguide 
ohaimelB  BeleOtor.  A  test  sample  of  flat  form  and 
arbitrary  oonfiguration  in  the  parima ter  (a  substrata, 
a  disk,  eto  - )  is  fixed  On  a  frame  with  divisions  bn  it. 
The  frame  is  moved  on  the  guides  so  that  the  sample 
part  BuooeBsively  get  into  eaoh  resonant  region. 

After  a  measuring  Bection  is  made,  there  is  no  need 
in  speoial  tunning  of  any  kind.  The  integration  of  a 
frequenoy  meter  and  personal  computer,  allowing  to 
introduce  data  from  the  frequenoy  meter  direotly  in  the 
prooeBB  of  meaBurements,'  allows  to  BBBentially  improve 
the  effeotivenesB  of  meaBurements.  The  meaBOjring 
oomplex  inoludes  PC  AT  286/287,  due  to  which  the 
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average  time  oi  one  e  ,  |X  and  tgQ  meaeurement  with,  the 
error  not  more  than  O; 5^  (S^)  and  356  (tgO),  ie 

5—10  Beo.  The  Bymmetrioal  H  ou  mode  and 

non-Bymmetrioal 

(  the  indioBB  indioate  to  the  number  of  tield 
variatione  with  respeot  to  the  oyiihdrioal  oeordinatee 
<P»  r,  a,  oorrespondingly  ,)  one,  "  non— radiating  "  for 
the  given  devioe  (  ae  shown  in  this  work  )  have  been 
ohosen  as  the  meaBuring  Beotion  modeB  of  operation. 

CDKOISSIQN 

1.  in  empty  oylindrioal  waveguide  yunotionB  there 
XB  an  exoeptionaily  rare  Bpeotrum  of  natural  modea;  out 
of  the  anially-BymmetriQal  H-type  modes  the  and  Hoi* 
modes  are  naturalj  the  only  poBsibLe  mode  in  the  olaBB 
of  non-Bymmetrioal  oneB  is  the  mode  of  HE  type.  The 
Bpeotrum  of  natura.1  modes  is  eBBentially  widened  when 
the  BtruotureiB  killed  with  Borne  BUbBtanoe. 

2.  The  _  teohnique  of  materials  . eleotromagnetio 
oharaoteristioB  meaBurementB  has  .been  Buggeeted.  The 
teohnique,  which  is  Bimple  and  of  non-deBtraotive 
oharaoter,  allows  to: 

—  measure  dieleotrios  and  magnetodieleotrioB  looal 
parametere; 

—  determine  the  direotions  of  ellipBoid  axis  of 
dial eo trio  permittivity  of  vraiaxis  aniBotropio  orystals; 

—  control  propertieB  aniBOtropy  of  materials 
dxeleotrio  permittivity. 

3.  On  the  -baBis  of  theoretioal  and  experimental 
analyeiB  a  devioe  deBign  for  dial  eo  trio  b  and  ferriteB 
looal  pararaeterB  non— deBtruotive  meaBurement  has  been 
developed.  The  devioe  is  oharaoteriaed  by: 

a)  for  Bymmetrioal  modeB:: 

~  high  BenBitivity  to  s. .  u  (TQ0-800  MHPiAmit  g|i 
ohanges);  ^ 

■  —  .Btnall  error  in  meaBurementB  of  dieleotrioB 
permittivity  and  magnetic  permeabiiity  an  a  wide  ran^e 
of  ^  (  0.5  56  )  dhanging; 

b)  for  non-Byrranetrioal  mode  (HE  )  ; 

-^high  BenBitivity  to  test  material  eleotrio 
properties  aniBotropy; 

—  the  ability  to  defeot  looal  non— uniformities. 

The  aBBesBrnent  of  error  dn  raeaBuremente  of 
materials  eleotromagnetio  oharaoterietioB  and  standard 
Bamples  teBt^moasuramentB  allow  to  refer  the  developed 
oonplex  to  high  aoouraoy  devioes. 
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THE  GENERAUZE  SOIUTIONS  of  BESSEL  EQUATIONS 
Alexander  Khapalyuk 

Applied  Pliys leal  Problems  Research  Institute 
7  Kurchatov  Strv,  Minsk  220064,  Belanw 

I«t  ’s 

d^iyCT)  dly.(x) 

jg - ■  —  +  - -  +  {j:^-v®)I^(x)  *  0  (1) 

djr  dr 

Fourier  transformation  and  get  new  equation 

(e^-D-T-F— 35-— — +  <i-v2>z^(e)  =  0  (2) 

d?  dt  ,  . 

In  this  case  the  solutions  of  equation  (1)  (BeBsel  function)  are 
Inteipreted  as  the  original  and  those  of  equation  (2)  -  as  the 
transformant.  Those  the  one-to-one  correspondence  between 
solutions  of  this  equations  Is  established  via  Fourier  Integrals 

■  ■ 

z  (r)  =  —  [i  (I  .  (3) 

2%J 
-<»  ■ 

This  give  possibilities  to  present  the  comparative  complei 
solutions  of  Bessel  equations  as  inverse  Fourier  transfonnatlona 
of  very  simple  solutions  of  equation  (2)  that  promote  the 
Investigation  of  It's  properties  substantially.  Further 
equations  (3)  we  will  use  reduced  foimi:  Zy(r)-^ 


The  solutions  of  equation  (2)  iw  be  written  as: 


It  Is  necessary  to  calculate  the  Inverse  Foirler  transfoimatlcajs 


z^(i)  =  |i^(x)9*®^dr. 
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of  functions  <4)  and  hence  to  found  the  solutions  of  Bessel 
equations.  But  there  are  -difficulty  on  this  way:  when  I  *  t  i  the 
branch  points  exist  and  Fourier  integrals  converge  not  for  all  v. : 
It  Is  necessary  to  examine  the  particular  case  of  Integer  value 
of  7  (7  =  Bi,  m  »  Of  ±  t,  ±  2,  ...). 

For  Integer  order  the  solutions  of  equation  (2)  better  to 
write  In  different  forms  that  are  linear  combinations  of 
solutions  (4): 

where  T  (£)  and  U'  (|)  are  Chebyshev  polynomials  of  first  and 
second  order  that  are  defined  here  by  Identity: 

The  first  expression  in  (5)  has  two  branch  points.  It  Is  not 
difficult  to  see  that  for  different  selection  pf.br&nehes  we  ^t 
different  solut Iona.  The  Inverstlgatlon  shows  that  the  branch 
selection  gives  three  linear  Independent  solutions.  When  to  take 
the  branch  selection  into  account  the  solutions  (5)  may  be 
written  as  next  four  independent  variants: 

0 


.  t- 

f 

I  -t 

Here  and  in  the  next  the  upper  line  define  the  solution  when 
g  >  1 ,  the  middle  line  -  when  |li  <  1  and  below  line  -  when 
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Integer  order.  ®ie  Ponrler  Integrals  for  first  solution  converge' 
In  usual  sense  for  all  oi  and  th.ey  are  In  literature  121.  But  we 
use  different  method  that  Is  applicable  In  more  complicated 
cases: 


iCI  ) 


. .  .1, 2 


«> 

Where  usual  Bessel  function  of  first  kind  zero  order.  2fee 

polyncmilal  T  (I  )  is  conaldered  here  as  multiplier  C21  that  can  be 
factored  outside  tike  integral  sign.  Then  change  the  variable  of 
Integration  on  operator  of  differentiation  with  respect  to  x 
-  t  d/dr)  w  This  Is  known  method  in  theory  of  genBrallBe 
function  of  l.Sehwarta  and  It  Is  appllcable^^^^  1^  particular  to 
calculation  of  some  Integrals  that  not  convergent  In  usual  sense 
Including  Fourier  integrals  for  remalh  three  sdiutlons  (7).  Ail 
four  solutions  are  easy  get  with  th^^  method  and  they  may  be 
written  in  view  of  standart  normalization  as: 


j(x) .  2t“iy>(x)  = 


where  yrt(  |:r|  )  -  Bessel  Xunctlon  of  second  kind,  C(x)  -  DlraG 


function.  The  solutions  are  generalize  functions  of  I.  Schwartz' 
and  hence  all  derivatives  In  (9)  exist  and  practically  can  be 
founded  easy. 

It  Is  obviously  that  all  four  equations  are  linearly 
Independent  and  they  Identically  satisfy  Bessel  equation.  Plrst 
of  this  solutions  fully  coincide  with  known  Bessel  function  of 
first  kind,  second  solutions  differ  from  Imown  Bessel  function  of 
second  kind,  third  and  fourth  solutions  are  new.  The  fourth 
solution  of  zero  order  don’t  define  on  fomiula  (7)  and  |9)  and 
can  be  written  as  121 : 


Turn  to  solutions  (4)  for  coirmqn  case.  Tor  different 
selection  of  brmiches  It  Is  possible  tp  get  rather  few  different, 
particular  solutions ,  but  only  four  from  their  will  be  linearly 
independent .  Bor  definiteness  taken  next  four  sufficient  alrople 
solutions  b-solutions)  .  •  . 
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{5+t/t -14  1 

9~^^  -,—  . 


e‘'*T  “— 7==s===r— 


tv*  (S-t^i^)^ 

e  ^ - -==— 

Vt-t^ 


9^^ 


t/r^ 


.t^  (-^/f -t )” 

e  "i — 


•Biat  are  linearly  Indeperid^  eblullons  for  IraGtlonal  v  and 
for  M  V  only  three  solutions  stay  linearly  Inbependent  W 
iburth  solution  is  easy  foMded  addlti^^  The  solutions  (11 ) 

are  lellaMe  base  for  Inv^  space  of  solutions 

of  Bessel  eqmti^^ 

It  is  seen  from  (11 )  that  b-solut  Ions  ^  to  conditions: 

8yj(5)  -  &y  >’(i)vsy  ht)  -  -  m) 

that  after  InYerse  Foiu*ler  tpansformation  go  to  next  oondlt  Ions 
for  b-soiutlon  of  Bessel  equation: 

6y><x)  -  6”>'(-r),  .  bi;'(r)V8y'(x)  . 

'■)  -  '  ,  ■  ^  ■ 

The  Fourier  integrals  for  function  (11 )  converge  In  usual 
sence  and  meet  Id  11  tara tire,  for  example,  ones  [2  J  have  next 
values  of  Fourier  integrals: 

J^O^D  -  V>-1, 

J^Cfrj  lsgnr- ,^4) 

Yy ( \x\)  ■*.  ctgrrcjS^^  kC )+bi^ ^  (I )]-cosecv7c[b^^ ^  ( e )+b^^ ^  ( | )] ,  •  vl  <1 

y^tlxj  )sgn:r-*ctgi^[b^^  ^  (t)  (t)]-cosecvrc[b^^  kD-b^^  ^  (I )],  |vl  <2 
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This  formulae  define  all  four  linear  Independent  solutions 
for  Jv!<1.  As  seen  they  are  close  to  classic  one’s  the  dlffe-rence 
Is  that  \a:\  Is  argument  but  not  x  and  from  one  classic  solutions 
we  get.  two  generalise  solutions  -  even  and  odd.  Prom  (14-)  It  Is 
easy  to  get  the  b-solutlons: 


=  ^[jydxD+J^dxDsgtuj  =  Jy(a:^j, 

8^^  ^  (r)  =  cosvicJy(a:^  )-slnvTCY^(r^)  = 
6^'*dx)  =  co6VTCJ^(;r_)-BinvTtY^<xJ)  = 


v>-1 

(15) 

IvlXI, 


where  notatione  f  )=f  ( lx|  )h(ix)  and  h  -  Hevlclde  function  are 
used. 

It  Is  need  to  remove  the  limitation  on  value  v  In  (14)-{t5) 
and  find  the  solution  for  arbitrary  value  of  a>.  But  when  v  Is 
arbitrary  Fourier  integrals  and  their  solutions  <11)  don’t 
converge  in  usual  senoe  and  their  calculation  is  hindered.  Use 
the  Idea  that  was  applied  for  definition  the  solutions  for 
integer  value  of  v.  For  large  Integer  value  of  v  the  deriving  of 
results  of  calculations  of  correspudlng  Fourier  Integrals  reduce 
In  correspondence  to  (9)  to  differentiation  of  solutions  of,  zero 
order.  Analogous  with  that  we  try  to  get  the  solutions  for 
arbitrary  value  of  V  from  taiown  solutions  (14)-(1 5)  for  lvl<r. 

Get  v=m+\,  where  m  is  some  Integer  positive  or  negative 
number  and  write  the  solutions  (1 1)  as 
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where  next  notations  are  introduced: 

f 

(17) 

(-il+t/p^)^  l(t$-(/F^)^ 


When  Fourier  Integrals  are  calculated  with  functions  of  (16) 
the  Chehyshev'B  polyraoinlals  may  be  considered  as  multlplleators 
that  may  be  taken  outside  the  Integral  sign  and  It  Is  need  to 
change  $  on  (d/dr.  This  procedure  reduce  the  calculations  of 


Fourier  integrals  for  b^  -  solutions  to  calculations  Integrals 
for  -  and  -  solutions.  The  solutions  for  are  already 
known  and  it  ie  stay  to  find  inverse •  Fourier  tranafoJTiiatlons  of 


functions.  (17').  Consider  the  first  function  from  (17)  and  will  be 


start  from  Identity 


(18) 

•~00  ■ 

where  tranformate  ^  H)  known  and  orlg:^nal  (r)  is  desired 
functions.  To  differentiate  this  Identity  on  I 


dg 

It  is  seen  that  the  derivative  of  function  is 

transformate  of  Fourier  function  6^^ ^(r)  up  to  a  factor  IX,  and 
fhia  gives  next  eguatlty; 

^  (20) 
The  next  functions  are  calculated  analogously: 


£X6j[’^.(C)  =  (lx-t;[^^(a:)e*®W.  (19) 
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=  _  X 


«  -  X 

8i^>(^) 


Now  the  b  -  solutions  of  BeaaeL  equatloha  (Inverse  Tourlel* 
translormatlons)  of  lunctlon  (16)  may  be  written  In  form: 

6<'>«)  .  t™rjiy6<'>(;r)  * 


6^^(±) 


(-o'^Jt— IsP’cx)  -  i(-t)"-'rftl-lf^PNx 


“Ulj:  X  ^ 


It  should  be  noted  that  b-solutlons  (22)  differ  rather  from 
classical  Boiutlons.  To  get  more  close  Bolutions  It  la  necesBary 
to  take  corresponding  ilnear  comblnatiGns  of  b^solutlons.  The  two 
functions  that  Us  fined  by  first  and  second  fortroilae  In  (14.J  rian 
be  Gonsidered  as  generallBed  Bessel  function  of  Hrst  order •  for 
anyone  negative  and  positive  V. 

The  third  and  forth  fomiulae  in  (14)  ban  be  oonBldered  aa 
Bessel  functions  of  second  order  for  ivi<1  .  Blit  this  formulae  aib 
not  usable  for  !r I  asi. 

It  Is  khown  that  Bessel  functions  widely  use  and  new 
functions  open  new  possibilities  to  solution  of  new  problems  of 
mathematical  physics. 

■. 

1 .  Watson  G.K.  A  Treatise  on  the  Theory  of  Bessfil  'Punctlona-  - 
Cambridge:  Gambridge  Univ.  Press, 

2.  Bremennann  H.  Distributions,  Complex  Variable  and  Fourier 
Transforms.  Addison-Wesley  Publishing  ciompany,  Inc.  1965. 
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ABSTRACT 

It  is  often  a  complex  and  time-consuming  task  to  model  three-dimensional  electromagnetic 
scattering  and  radiation  problems.  The  task  is  made  somewhat  easier,  however,  by  develop¬ 
ing  a  flexible  computational  paradigm  and  associated  software  to  handle  each  of  the  subtasks 
involved  in  a  typical  problem.  This  requires  that  one  take  an  abstract  view  of  computational 
clcctromagnetics/and  identify  the  unifying  elements  of  various  subt asks  in  both  formulation 
and  algorithm  implementation.  This  paper  explores  one  useful  paradigm  for  fonnukting  and 
solving  two-  and  three-dimensional  electromagnetics  problems  using  integral  equations  and  the 
method  of  moments.  The  approaches  used  are  selected  for  their  generality  and  simplicity. 

INTRODUCTION 

For  any  frequency  domain  electromagnetics  problem  to  be  solved  using  integral  equations 
iind  the  method  of  moments,  the  biisic  steps  in  the  solution  process  arc  the  following: 

4i  Formulate  the  problem  as  an  integral  equation  involving  equivalent  sources  as  the  un¬ 
knowns  lo  be  determined. 

•  Define  a  numerical  specification  for  the  problem  geometry  and  other  problem  pararneters. 
Determine  what  auxiliary  tables  are  needed  to  automate  the  filling  of  the  moment  matrix. 

•  Develop  a  scheme  for  assembling  the  moment  maiiix.  This  step  is  at  the  heart  of  the  com¬ 
putational  procedure  and  involves  the  specification  of  the  elements  (subdomains),  basis 
and  testing  functions,  Green’s  functions,  symmetries,  types  of  source  currents,  and  bound¬ 
ary  conditions,  to  be,  satisfied.  In  a  general  purpose  program,  one  should  have  a  number 
of  useful  choices  available  with  regard,  to  each  of  these  problem  parameters. 

•  Assemble  the  right  hand  side  forcing  function.  This  involves  modeling  the  excitation  by 
various  sources  such  as  plane  waves,,  point  or  line  sources,  apertures,  or  terminal  voltages. 
In  determining  certain  waveguide  or  cavity  parameters,  no  forcing  function  is  specified. 

Solve  the  resulting  system  of  equations  for  actual  of  equivalent  sources,  in  problems  for 
which  no  forcing  function  is  specified,  usually  the  system  determinant  is  searched  for  zeros 
as  a  function  of  guide  w^avenumber  or  c.xcitation  frequency. 

i  Compute  desired  figures  of  merit  (patterns,  gaih,  impedance,  etc.)  from  the  sources  or 
from  the  fields  they  produce. 
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•  Display  or  print  problem  input  and  computed  data. 

While  the  steps  above  apply  to  all  moment  method  problems  regardless  of  diraensibnaBtyj 
the  increased  complexity*  of  three-dimensional  problems  often  makes  it  particularly  difficult  to 
develop  the  necessary  software  for  specific  problcrns.  Following  a  trend  in  tlie  finite  element 
community,  (c.f.  [!}),  we  find  that  it  is  possible  to  systematically  develop  canonical  numer¬ 
ical  field  representations  which  lead  to  well-structmed  softw^are  td  carry"  out  the  associated 
numerical  algorithms.  The  algorithms  apply  regardless  of  the  problem's  dimensionality  and  arc 
sufficiently  independent  and  general  that  a  user  often  can,  ^yv  selecting  appropriate  modules, 
quickly  construct  a  moinent  method  program  for  a  problem  of  interest.  Particularly  useful  have 
been  concepts  developed  by  the  finite  element  community  to  efficiently  aid  in  assembling  the 
matrix  and  to  model,  organize,  and  display  geometry  descriptions  and  output  data.  However, 
a  maturation  of  the  discipline  in  the  fpllow'ing  areas  of  electromagnetics  has  also  been  crucial 
in  pcniutting  sudi  algorithnas  to  be  developed: 

•  Robust  and  efficient  formulations  for  conducting  objects  have  been  developed  and  suc¬ 
cessfully  applied  to  a  number  of  problems  w"ith  difFerent  dimertsionalities  emd  syrametries. 
Though  somew"hat  less  tvelFdeveloped,  formulations  have  also  been  developed  for  problems 
involving  both  piecewise  homogeneous  and  inhomogeneous  dielectric  materials.  In  a  few* 
cases,  anlsotropk  materials  have  also  been  considered. 

•  General  methods  for  modeling  the  geometries  of  arbitTaTily-shaped  surfaces  for  use  with 
integral  equations  have  been  deYeloped.  These  approaches  apply  to  one-,  two-,  or  three- 
dimensional  problems, 

•  Representations  for  surface  tangent  vector  unknowns  in  one,  iwo,  or three  dimensions  and 
for  various  subdomain  shapes  have  been  developed  and  applied  successfully.  Higher  order 
versions  of  such  representations  arc  also  becoming  available. 

•  i^umericaUy  efficient  Green's  function  Tepresentatioirs  have  been  developed  which  paralle] 
the  mixed  potential  representations  of  homogeneous  regions.  Thus  programs  written  to 

-  treat  scattering  or  radiation. by  objects  in  homogeneous  media  may  be  easily  extended  to 
objects  in  multi-layered  media,  for  example. 

•  Methods  have  been  developed  to  automate  the  use  of  leflection,  discrete  rotational,  and 
discrete  translational  (periodic)  symmetry"  in  the  numerical  solution  of  integral  equations. 
Rectangular  waveguides  and  cavities  may  also  be  treated  by'  combining  different  forms  of 
these  synimetries, 

•  Static  potential  integrals  have  been  found  in  dosed  form  for  constant  and  linear  soured 
densities  on  a  number  of  commonly  occurring  subdomain  shapes.  Such  integrab  axe  of 
direct  use  in  solving  static  and  lime-domain  integral  equations,  but  are  also  used  to  reg* 
ularize  the  integrands  of  tlme-harmonjc  potential  integrals  when  an  obseri'ation  point  is 
netu:  the  source  region. 

Algorithms  developed  on  a  paradigm  employing  these  concepts  must  rely  on  a  standardized 
nuTnericalxeprescntation  for  elcctromagnexic  field  quantities.  In  the  following  sections,  we  dis¬ 
cuss  various  aspects  of  this  representation. 
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GEOMETRY  MODELING 

The  geometry  of  an  electromagnetic  boundaiy^  value  problem  is  defined  by  specifying  the 
spatial  dependence  and  electrical  parameters  of  all  materials  involved.  For  problems  involving 
piecewise  homogeneous  media,  one  need  only  specify  the  interfaces  betn^een  v^ious  homoge-- 
neons  regions;  for  continuously  varying  media,  material  parameters  must  be  specified  or  interBu 
may  be  shrunk  to  a  point,  resulting  in  adjacent  line  segments  used  to  model  a  curve  {V  ^  C). 

In  homogeneous,  isotropic,  source-free  material  regions,  all  fields  may  be  computed  from 
equivalent  electric  and/or  magnetic  sxirfac  currents  on  the  region's  boundaries.  Inhomogeneous 
regions  m&y  be  represented  via  equivalent  volume  electric  and  magnetic  polarization  rarrents 
radiating  in  a  homogeneous  background  medium.  Once  these  currents,  which  are  the  unknowns 
in  an  integral  equation  formulation,  are  known,  any  electromagnetic  fields  of  interest  may  be 
computed  from  them.  Thus^  we  are  led  to  consider  the  fields  due  to  electric  currents  Jp 
emd  magnetic  cuixents  Af  n  representing  Hne^  surf^^^^  volume  currents  for  !>  =  C>5,  or  V, 
respectively,  and  radiating  in  an  infinite  homogeneous  medium.  These  fields  are  conveniently 
Expressed  in  terms  of  magnetic  vector,  electric  scalar,  electric  vector,  and  magnetic  scalar 
j^tentials  A,  and 

jE  =  (1) 


H  = 


W+-Vxvi 


where 


Air)  = 


Pip  =  —— Vp  *  Afp,  (4) 

where  appropriate  extensions  of  the  divergence  operator  are  assumed  to  apply  to-  currents  on 
curves  or  surfaces.  Any  electric  or  magnetic  currents  present  may  be  approximated  by  means 
of  a  linear  combination  of  known  fcasM  or  expansion  functions  A For  the  electric  current, 
example, 

Jv{t)  =  (5) 


where  the  constants  Jn  represent  the  current  crossing  the  boundary  Bn  beuveen  adj^^^^ 
ments  and  the  current  is  assumed  to  be  directed  from  the  element  to,  -  A  so-called 
generalized  iriangidar  basis  function  A  J  is  associated  with  each  Bn  and  is  defined  as  follows: 


A?(r) 


,  r  in  4i2?„± 
otherwise. 


and  p„i  is  a  vector  beginnini  or  ending  at  ft  vertex,  edge,  or  face  opposite  B„,  and 
is  a  distance  which  normalizes  the  basis  so  that  its  Sux  density  at  is  unit>v  An  important 


obscrvatioa  is  that  AJ*  can  be  represented  as  a  linear  combination  of  vectors  of  constant  direction 
and  linearly  varying  amplitude  as, 

E  (7) 

«j»it  ij^i 

where  is  the  j-th  edge  vector  of  AT>„i  not  belonging  to  5n,  and  the  are  normalized 
coordinates  varying  linearly  across  A'Pn*.  The  number,  and  the  coeflicients  have 
the  values  0, 1,  -1  depending  on  the  clement  shape  and  dimension.  A  number  of  important 
properties  of  these  basis  functions  are  summarized  in  (3, 4];  the  set  includes  the  familiar  triangle, 
rooftop,  and  edge-'based  basis  functions. 

Substituting  Ji>  from  (5)  into  (3)  yields 


and  substituting  (6)  and  (7)  into  (8)  yields 


A(r)  =  mEJ„  E  ^P^'^iry+  E 

flasl  ijal  H*" 


where 


is  lie  potential  produced  by  a  scalar  source  of  linearly  varying  source  densitj'  on  AI?,**. 

To  compute  the  scalar  potential  from  the  current,  the  charge  is  needed.  It.  in  turn,  requires 
the  divergence  of  the  basis  functions: 


^  \  0  otherwise 


=  ^ns.(r)-|!inr.w,  (■>) 

.  ««+ 

where  njt(r)  is  a  tinit  pulse  function  in  The  quantity  u’at  is  defined  as 

'  dinn[(Al>,,i),  on  simplex  domed 

‘  1  on  rectangular  or  hexahedral  domains,  ■ 

■  -  ■=  (12) 

1  if  8„is  a  rectangular  face  of  a  pentahedral  domain, 

and  dirn(Al)„±)  is  the  spatial  dimension  of  XDn±  { 5=  1, 2,  or  3  for  l>  =  C,  5,  or  V,  respectively). 
Thus  charge  distributions  are  approximated  as  piecewise  constant.  We  have  from  (T  ).  (2 "). 
(5),  and  (11) 


SOS 


«iiicrc  is  defined  below.  iFVom  (0)  we  obtain 


(H) 

and  from  (IS), 

(15) 

Using  (9),  (14),  and  (15)  in  (1)  and  (2),  we  ean  compute  JE  and  IT  for  electric  current  sources. 
By  duality,  similar  expressions  are  obtained  for  the  fields  due  to  magnetic  sourees.  A  key 
observation  is  that  ihs  problem  vf  computing  the  jietds  is  thus  reduced  to  the  evaluation  pf 
sccdar  potential  iniegrals  due  to  linear  arid  ccmstdni  soime  dens 

and  ^  : 

(17) 

Ja7> 

and  their  gradients.  One  also  observes  that  ?  and  their  gradients  may  be  evalu¬ 

ated  simultaneGUsly  for  nizmerical  efficiency. 

A  collection  of  subprograms  have  been  developed  to  e^mpute  bothstatlc  and  thn€-*harniQnic 
scalar  potential  integrals  for  linear,  and  constant  source  densities  over  the  following  domains  (5): 

a  Wire  segments 

9  Strip  segments 

©  Gomca}  iimsta  with 

«  Rectangular  patches 

•  Triangular  patches 

©  Tetrahedral  cells 

9  Pentahedral  cells 

9  Hexahedral  cclk 

In  order  to  model  surface  vertex  junctions,  the  potential  due  to  a  1/p  dhtribution  cm  a  triangu^ 
patch  is  also  av^  The  static  forms  of  most  of  these  potential  integrals  may  be  written 
in  closed  form  (§]  and  aid  in  the  near  field  and  source  region  evaluation  of  the  time-harmonic 
potentials. 

Lorenz  gauge  ccmditi(m,  inz^  be  writ^^^ 

'=  (18) 


vxA(r)  =  f'Z-’-  £ (>■) X C+ r ('•)>' t 
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Eqs.  (*5  )  and  (18)  are  not  only  found  to  be  efficient  from  a  numerical  point  of  view,  but' 
also  allow  the  mixed  potential  approach  to  be  extended  from  the  free  space  formulation  to  a 
wide  X'ariety  of  problems.  Slightly  different  approaches  are  used  when  dealing  with  periodic  or 
non-periodic  problems:  these  are  discussed  independently  below. 

Periodic  Multi-Layered  Media 

Montgomery  {8j  has  shown  that  the  periodic  layered-media  Green’s  function  can  be  written 
in  the  highly  convergent  form 

+  £  £  +  (w) 

T3=J-00»s=-00  i 

involving  both  spatial  and  spectral  domain  representations.  The  series  in  the  first  integral 
represents  a  spectral  form  of  the  Green’s  function  with  the  smoothed  spectra  of  the  homoge¬ 
neous  medium  and  dominant  quasi-image  terms  removed.  Smoothing  is  simply  accomplished 
by  replacing  the  medium  w^avenumber  ir  with  the  imaginarxv  wavenumber  (—ju)  [9].  The  kernel 
of  the  second  integral  is  just  the  spatial  domain  representation  of  the  terms  removed  from  the 
first  integral.  A  similar  representation  applies  to  the  kernels  of  the  scalar  potentials  Tv  ^(Jb;|') 
and  I')  in  (IS).  WTien  basis  functions  An()  arc  used  to  represent  the  current  in  (5  )  and 
(18),  integrals  equivalent  to  Fourier  transforms  of  the  element  shapes  arise,  and  these  may  be 
expressed  in  dosed  form 

Non-Periodic  Multi-Layered  Media 

The  spectral  domain  Green’s  function  for  a  single  point  source  in  a  multi-layered  medium 
is  merely  a  continuous  spectral  version  of  the  periodic  media  spectral  representation,  the  sum¬ 
mations  over  spectral  components  becoming  IntegrEils  over  the  spectral  wavenumbers.  Terms  in 
the  Green’S'function  representing  periodic  arrays  of  point  sources  in  a  homogeneous  medium, 
reduce  to  a  single  point  source  radiating  in  a  homogeneous  medium,  and  this  contribution 
may  be  extracted  directly  from  the  superposition  integral;  no  spectral  smoothing  is  needed  in 
this  case,  but  a  few  dominant  quasi-image  and  surface  wave  terms  may  be  extracted  from  the 
spectral  integral  to  improt^  convergence.  The  remaining  integral  is  a  Sommerfeld-like  integral 
which  may  be  efficiently  evaluated  by  shifting  the  path  of  integration  into  the  complex  plane 
jl2j,  and  by  applying  the  method  of  averages  to  evaluate  any  remaining  oscillatory  integrals 
[13].  When  source  and  observation  points  are  in  the  same  layer,  the  Sommerfeld  integral  may 
also  be  replaced  by  a  series  of  complex  images,  dramatically  speeding  up  the  computation  of 
the  Green’s  function. 

The  presence  of  geometrical  symmetry  in  a  problem  often  provides  significant  opportunity 
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for  reducing  the  computational  labor  by  providing  a  partial  decoupling  of  components  of  the 
problem.  The  benefits  of  syinmetry  may  be  exploited  even  when  the  excitauon  does  not  excite 
a  structure  symmetrically  by  decomposing  both  the  excitation  and  the  induced  equivalent 
emrents  into  their  (uncoupled)  symmetrical  components. 

Bodies  with  continuous  symmetry,  like  bo^es  of  revolution,  are  usually  treated  by  an¬ 
alytically  constructing  their  Green’s  functions.  Discrete  symmetries,  such  as  those  of  A'-fold 
rotational  or  of  reSection  symmetries,  are  probably  most  easily  treated  by  numerically  handling 
the  rotations  or  rcfiections.  The  symmetrical  comppnents  of  these  problems  involve  discrete 
reflections  or  rotations  coupled  with  discrete  Fourier  transform  (DFT)  weightings.  These  may 
also  be  automated  in  a  Straightforward  manner  (14,15,16). 

TESTING  PROGEDURES  AND  APPLICATION  OF  BOUNDARY 

CONDITIONS 

For  the  mixed  potentid  field  representations  and  subdomain-based  basis  functions  described 
above,  Galerkin’s  method,  in  which  the  testing  functions  are  the  same  as  the  basis  functions, 
is  usually  used  to  form  th^e  moment  matrix.  The  functions  .\„()  arc  sufficiently  differentiable 
to  allow  at  least  one  of  the  tangential  derivatives  in  the  field  representation  to  be  transferred 
onto  the  testing  function  by  integration  by  parts.  This  procedure  is  important  since  it  reduces 
the  differentiability  requirements  on  the  original  basis  functions.  Thus  for  an  electric  field 
represeatation  of  the  form 

=  “JwA-  W- (20) 
testing  with  testing  functions  Am  {)  yields 

<  Am,J?(,)>  =  -iu:  <  A„,yl  >  +  <  T  -  Am,i  >  -  j  <  V  (21) 

where  the  symmetric  product  for  vector  quahtities  A  0  and  ()  is  defined  as 

<A,>=  I  A()  v()rfP, 

Jv 

and  where  the  gradient  derivative  has  been  transferred  onto  Am  by  integration  by  parts.  A 
similar  expression  results  from  testing  the  magnetic  field,  (2).  The  above  approach  leads  to  the 
following  types  of  integrals  to  be  evaluated: 

Xi-'-O-M') 

Electric  field  is  proportional  to  magnetic  fields  (impedance  boundary  condition). 

Electric  field  is  proportional  to  the  discontinuity  in  magnetic  field  (thin  shell  impedance  bound¬ 
ary  condition). 

Electric  and  magnetic  fields  are  continuous  across  an  interface  (bulk  material  interface  boundary 
conditions). 

Linear  combination  of  electric  and  magnetic  fields  vanish  on  the  side  of  an  interface  opposite 
to  that  of  the  region  in  which  fields  are  represented  (combined  field  boundarj'^  conditiDns  for 
conductors  or  dielectrics). 


‘  The  application  of  these  boundary  conditions  can  be  automated  in  a  computer  program  which 
selects  appropriate  potentials  and  their  gradients,  and  constructs  the  tested  fields  needed  to 
model  designated  boundary  conditions  at  the  observation  point.  The  appropriate  potential 
combinations  are  then  assembled  in  the  moment  matrix. 

SUMMARY  AND  CONC^ 

It  is  possible  to  automate  the  most  common  tasks  in  the  solution  of  eleciroraagnetic  scat¬ 
tering  and  radiation  problems  by  the  method  of  moments.  For  example,  we  have  developed  a 
set  of  subroutines  to  read  in  data  describing  discretized  contours,  surfaces,  and  volumes  in  a 
standardized  format.  For  contours,  provisions  are  made  for  simultaneous! v  specifying  several 
segment  attributes  (e.g.,  wire  radii,  segment  radius  of  cur^'atuxe,  or  surface  impedance),  and 
node  attributes  (e.g.,  voltage  sources  or  lumped  loading  impedances).  Similar  provisions  are 
made  for  specifying  vertex,  edge,  face,  and  cell  attributes  for  surfaces  and  volumes.  To  aid  in 
the  matrix  assembly,  subprograms  can  be  developed  to  identify  and  tag  contour  and  surface 
Junctions,  and  to  set  up  tables  mapping  potential  integral  contributions  from  source  and  ob¬ 
servation  point  pairs  defined  on  nodes,  edges,  faces,  or  cells,  to  appropriate  moment  matrix 
locations.  Other  mapping  tables,  such  as  for  defining  trees  and  loops  for  the  decomposition  of 
basis  functions  into  divergence- and  curl-free  parts,  can  also  be  constructed. 

A  set  of  subprograms  has  been  developed  to  evaluate  potential  integrals  and  their  gradients 
for  unifom  and  linearly  varying  source  distribute  defined  on  simply  shaped  domains.  Such 
domains  include  linear  wire  and  cylinder  segments,  triangular  and  rectangular  planar  surfaces, 
conical  segments  with  exp(jmip)  phase  variation,  prisms  of  rectangular  or  triangular  cross 
section  and  of  infinite  or  finite  extent,  and  tetrahedral  cells.  Practically  all  electromagnetic 
field  quantities  of  interest  can  he  expressed  in  terms' of  these  integrals. 

The  availability  of  subprograms  such  as  those  described  free  the  code  developer  from  be¬ 
ing  overly  concerned  with  the  details  of  the  method  of  moments,  leaving  him  to  concentrate 
on  the  analytical  and  numerical  formulation  of  a  problem.  The  flexibility  also  allows  him  to 
exp.eriment  with  alternative  numerical  approaches.  And  while  it  must  be  admitted  that  codes 
based  on  general  purpose  subroutines  cannot  be  optimal  for  specific  problems,  they  can  serve 
as  developmental  platforms  and  validation  tools  for  more  problem-specific  codes. 
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ATOMIC  FUNCTIONS  BASED  MATHEMATICAL  METHODS  Cff* 

SIGNAL  PROCESSING  ‘AND  IMAGE  RECONSTRUCT IC»I 

V.  F.  Kravchenko,  Y.  A.  Rvachev,  V.  L.  Rvachev 

Several  problems  of  signal  processing  and  linage  reconst¬ 
ruction  from  mathematical  point  of  viev  can  be  induced  to 
finding  the  best  approximation  in  the  sense  of  certain 
norm  of  given  function  f(x)  by  finite  functions  with  given 
support.  The  norms  in  question  frequently  are  expressed  more 
naturally  in  terms  of  Ff(x)  -  the  Fourier  transform  of  f(x). 

Such  are  problems  of  FIR  filter  synthesis,  deconvolution 
finite  windows  for  blurred  image  reconstruction, spectral 
density  estimation, construction  of  finite  windows  for  Fourier 
analysis  of  signals, signal  interpolaton  etc.  If  we  choose  to 
approximate  f(x)  by  neans  of  linear  combinations  of  particular 
finite  function  gCx)  and  its  derivatives, then  ih  frequency  do¬ 
main  we  encounter  familiar  problem  of  best  approximation  by 
algebraic  polynomials.  The  gCx)  function  should  satisfy  certain 
conditions  to  provide  for  both  reasonable  degree  of  approximation 
and  sinplicity  of  coirputing  procedures.  Yet  another  approach  is 
-to  use  shiftsC translations) instead  of  derivatives, ^diich  brings  us 
in  frequency  domain  to  no  less  classical  trigonometric  polynomial 
^pixiximation.  In  either  case  atomic  functions  are,  among  much  pro¬ 
mising  candidates  to  the  g(x)  role. 

.  Atomic  functions  are  finite  solutions  of  ordinary  1 inear  funoti 
onal  differential  equations  with  constant  coefficients  and  linear 
transformtions  of  independent  variable.  The  Fourier  transforns  of 
atomic  functions  are  known  in  the  explicit  form  of  infinite  produ 
of  quasipolynomials  or  alternatively  trigonometric  polynomials.  Th 
sinplest  example  Of  an  atomic  function  is  the  upCx)  function  vdiic 
satisfies  the  equation 

y*  (x)=2y(2x+l)-2y(2x-l) 

and*  has  support  C-1,11.  Its  Fourier  triform  is  the  product 
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factors  of  Sin(t/2--w<k)/(t/2TWck)  . 

Atomic  functions  proved  to  be  helpful  in  such  fields  as  approx 
mtion  theory  of  functions>in  generalized  Taylor  series  expansion 
in  orthogonal  systeiis  of  the  ’’v^velet”  type.  C13 
Atomic  function  up(x)  has  been  applied  to  construction  of  windows 
for  Courier  analysis  12,33 > atomic  function  h(x)  has  been  used  for 
obtai  n  i  ng  de  Gonvolut  i  on  wi  ndows  for  im^e  rest orat  ion  [33 ,  atomic 
functions  for  filter  synthesis  were  considered  m  l 4, 53. 

The  atomic  function  based  wavelet  systems  recently  have  also 
been  applied  to  signal  processing,  time  series  analysis  in  economi 
and  image  restoration. 
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WAVE-GUIDE  PROPERTIES 
OP  ONE-DIRECTIONAL  PERIODICAL 
THREE-DIMENSIONAL 
TRANSPARENT  AND  NON-TRASPARENT 
STRUCTURES. 


Sergey  V.  Sukhinin 
Natalya  G,  Shevchenko  ' 

Abstract 

The  qualitative  features  of  waves  propagated  near  one-directional  periodical 
structure  of  transparent  and  non-trasparent  obstacles  in  three  dimensional  case  are 
studied. 

Formulation  of  problem.  Let  Oi  and  Q2  not  be  intersection  regions 
in  a?  with  Cartesian  coordinates  (a;,  y,  2r).  It  is  asummed  that  Qi  and 
fi2  are  periodical  along  the  z  axis,  with  a  period  of  2x/iY  and  have  the 
common  boundary  r  and  complement  each  other  in  the  space 
R-  ~  r  U  Qi  U  02  where  ^2  luodels  the  external  medium,  fli  is  the  one- 
directional  perodical  structure  of  another  medium.  The  obstacles  may  be 
either  connected  or  not  Gonriected  (see  Fig.  1), 

The  steady-state  oscillations  are  described  by  functions 

Re[ui(a;,  y,  z)  exp(— twf)]  and  Re[u2(x,y,z)exp(— 

Here  or  is  the  angular  frequency  of  oscillations.  The  functions  ui  and 
U2  must  satisfy  to  the  equation  describing  steady-state  vibrations  in  Oj 
and  O2,  respectively. 

■  f  (Ad- ==  0,  in^O^  .  . 

1  (A -f  A^)u2  “ />  in  Oa  ^ 


Fig.  1 


Function  /(x,  y,  2)  exp(— twt) 
describes  the  sources 
of  oscillation.  It  is  assumed 
that  the  sources  are  situated  in 
O2J  positioned  periodically 
along  z  axis  with  a  period  of  27r, 
and  localized  about  the  internal 
structure. 
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This  means  that  /(x,  y,  z)  =  0  with  increasing  the  distance  from  the 
barrier. 

At  the  boundary  of  contact  between  the  media  the  conditionsof 
conjugation  must  be  satisfied: 

'  m  =  ffuj' 

'  (2) 

where  A  is  the  complex  parameter,  k  >  0,  tr  >  0,  r  >  0  are  real,  whose 
physical  nieaning  is  determined  by  the  content  of  the  effect  investigated, 
and  n  is  normal  to  r. 

Since  the  sources  /(a;,  y,  z)  and  the  boundary  of  contact  between  the 
media  are  27r-periodical^^  a^  z  axis,  the  functions  wi  and  U2  will  also 

be  27r-periodical  along  the  z  axis.  The  solution  of  Eqs.(l)  must  satisfy 
the  radiation  condition 

*+O0  '  •  -f-oo  ’  ' 

«2=  E  E  ■  (3) 

m=^oo 

(n,m  are  integer  numbers,  i  is  the.  imaginary  unily,  are  certain 
complex  numbers,  are  Hankel  fiinctions,  {p,  are  cylindrical  coor- 
ditatcs) 

Radiation  condition  (3)  represents  of  solution  with  increasing  the 
distance  from  the  harries,  that  is  4-  >  C,  where  C  is  the  quite 

large  positive  numb  en 

The  dependence  of  the  complex  number  A  in  expression  of  the  shape 
(3)  is  assiuned  to  be  analytical  on  the  Riemann  surface  A.  The  Riemann 
surface  is  built  by  analytical  continuation  and  possesses  the  following 
properties: 

1)  the  Riemann  surface  is  infinite-sheeted; 

2)  points  A  =  n  for  all  integers  n  are  logarithmic  branching  points. 

,  For  the  formulated  problem  the  following  theorem  is  vali^ 

Theorem  1 .  The  solution  of  problem  (1),  (2),  (3 )  is  a  single  one^  provided 
that  ImX  >  0  and  Imy/X^  —  Q  for  all  Integers  n. 

Proof.  Reductio  ad  absurdum.  Tet  there  exist  a  nontravial  solution  of 
the  corresponding  uniform  problem.  If  We  multiply  similar  relationships 
(1)  by  the  complex  conjugate  to  tti  and  U2  the  functions  uj  and  U2 


integrate  over  and  (12 »  then  using  of  the  Green’s  theorem  we  can 
derive  relationships: 

0  =  y (A  4- =  y^(div(uiV“i)  tV“iP  +  = 

Qi  Qi 

== /(A^k*|uiP  -  jV«if 

Qi  r 

i  { 

Integrals  over  boundaries  z  —  0  and  r  =  27r  equal  to  zero  by  virtue 
of  periodiG  conditions,  integral  over  too  remote  boundary  tends  to  zero, 
because  the  solutioii  attenuation  is  assumed. 

After  multiplying  the  second  of  the  relationships  by  r  and  combining 
the  first  and  the  second  equation,  with  consideration  for  the  conditions 
of  conjugation  (2),  we  can  obtain  identity 

0  =  jf  (AV|uiP 

Oj  Qi 

It  follows  that 

"  ImA*(J  K^|uipdOi +T 

Since  im(A*)  ^  0  s==4  wi  s  0j  U2  ^  . 

Ihemem  is  proved. 

Operator  eqnatioii 

Lemma  1.  fihnction  $(x,  y,  z,  So,  jfo,  ro.  A)  of  the  shape 


is  the  fundameDtal  solution  of  the  Helmholtz  equation  with  parameter  X 
and  satishes  27r~periodicity  in  Zy  radiation  condiU^ 

Proof.  #(z,  y,  z,  xo,  yo,  zo>  ^)  niust  satisfy  the 
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*^oo 

(A  +  A*)$(a:,!/,  2,a;o,!/o,  ^o.  A)  =  E  “  yo)5(^  “  ^o  +  27rA:). 


Jferr— 00 


Since  the  right  side  of  this  relationship  is  periodic  in  then  $  may  be 

represented  in.  view  of  the  Fourier  series. 

{A+A^)  E  =  ~^(a:-iEo)5(y'-yo)  E 

'  #=:— OO  ,  .  ®® 

where  are  coefficients  of  the  Fourier  series  for  the  function  $. 


(A  +  A^  -  h^)§„(x,  y, 

Considering  the  radiation  condition,  one  can  obtain  the  expression 

#„(a;,y,2:o,yo,  A)  =  -g^H^*^(v'A2  -  n?^(a;  -  xq)^  +  (y  -  yo)^), 

whence  the  statement  of  lemma  follows.  Lemma  is  proved. 

In  order  to  use  the  potential  meth^od,  it  is  necessary 

Lemma  2*  Fundamental  solution  #(x,  :eo,  A)  under  condition 

r  =  \x  —  £o\  —  y/{x  —  XqY  +  (y  —  yo)^  +  {z  —  zoV  0 

has  a  feature  as  for  the  fundamental  solution  of  the  Helmholtz  equation 
in 

Proof.  We  separate  the  main  feature  in  ZyUyZ  of  the  series 

~  E  ,hJ‘*(v'F^v/(^  -  xof  +  (y  -  y(i)2)e“<’-"'> 

■  OTT 

For  sufficient  large  numbers  |n|  and  fixed  A,  A  G  A,  the  estimate  holds 
Then  the  series  can  be  rewritt^^ 

E  Hj^^(t|njV(a;  -  xqY  +  (y  -  -h  g(x,y,z,xo,  yo,«o,  A) 

>,  OX  ar:-C» 


the  function  g  continuoudy  depends  on  vnriables  r.  y,  z,  t,.  y,.  A. 
i  ±2?  ' 

E  ^(*|niv/(a:  -  xoY^  +  (y  _  yomeH^-^o)  ^ 

1’  -foo  - 

^  ~  aro)2  +  (y  -  yj,)2)e<»(*--*B)  _ 

4r  Q  ‘^MV(^-a;op  +  (j(--  yo)^ch^)  -  cos(z>-  zo)^’^ 

MeoLm°ef“  function.  Using  the  Taylor  expansion  of 

tngonometnc  funottons,  we  obtain  the  investigated  series  Ling  the 
feature  p*. 

^Let  ^  =  #  (♦  denotes  convolution);  When  suto 

equations  (1),  (2)  to  the  system 

I  (A  4- A2)ui  ==  A2(1  - 

I  (A  4- A^)t;2  ~  Oj  in  ^2 

At  the  boundary  of  the  media  F  the  conjigation  conditions  are  rewritten: 

snm  of  the  relatioships  (4),  (5),  will  found  as  the 

^  of  the  votaetm:  potential  and  the  potential  of  a  simple  layer  with 
densities  p  rad  v  respectivly,  p  and  n  satisfy  2it-periodic  conditfon  in  r 

.  /-  ■  ■  Qa  .  * 

where  Ho  =  {0<r<2jr}nni  i  Fo  =  {0<i<2irlnr  r-  =  i' 
io'eRo,  ieR*\F.  »  '“^  ''sdirjnr  ,  lo  e  To, 


The  following  is  valid  .  ,  , 

r  ,  1  The  voiumetric  poteetiaJ  and  the  potential  of  a  s,mpk  layer 

for  the  HetahoJtz  equation  are  descreae^n, 

light  of  (4).  (5).  are  ™lid  for  the 

iinknown  functions  1/ and 

-s)rr^^  r 


V  == 


ro 


+  /p 

Qg 


(7) 


The  relationshipa{7)  will  be  written  as  X  =  TX  +  f,  whereX  ==  (o.p), 

p  —  S) 

Here"T  is  the  linear  operator  in  the  Hilbert  space  L  =  P{Ta)  ^  W  ' 

Op«lfT  :  I  -  X,  defined  in  (7),  is  compact,and  analyUcdly 

de^n^S  the  pararneter  X  ve  A.  ,and  depends  on  the 

real  parameters  r  and  KvP  <  r  <^^l^ 

Tbr  the  operator  etpiation 

Theorem  2.  The  solution  of  tiie  operator  eqaatom 
J^^LlrnX>OandIrp^^>^^r 

Proof  is  the  same  as  given  m  [1].  .  -Vi,  ♦Vat  fnr 

The  proof  of  following  lemma  metodologically  comcides  with  that  fo 

an  analogous  lemma  in  [2]- 

Lemma  4.  n  il  P,  (n,p)  £  i,  are  solutions  of  fTJ  iTand  only  if  o  o/shape 

(6)  is  the  solution  of  the  problem  (4),  (5).  _  WibrqVnlTn 

‘  nen^as  a  conseqnence^of  the  above  considerations 

itOTTintwp  for  any  Riven  F  €  It  there  arises  X  6  T  satisfying  (7). 

exists  an  elUent  A  of  the  Riemimn  surface  A  for  whi^^^^^ 

exists  singly  for  al^  values  of  the  parameters  -  v 

DefiniUoT  ^  ^^genvahe  of  m  scstterin,  problem  is  M 

th°":o/tht.krnan„We«^ 

problem  is  not  single-valued  or  that  there  exisU  a  nontnmal  sohUon  of 
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the  uniform  problem.  The  eigenvalue  here  is  such  a  quasieigenvalue  of 
A*,  for  which  the  relationships  (Re\^)(Rey/Xl  —  n^)  >  0  are  satisfied  for 
all  integers  n,  given  that  c,nn  ^  0  under  the  radiation  condition  (3). 

For  T  the  analytical  Fredholm  theorem  has  been  satisfied,  therefore 
the  following  is  valid. 

Theorem  3.  Tie  set  of  the  quasieigenvalues  At,  Ac  C  A,  of  problems 
(1),  (2),  (3)  is  discrete  on  the  Riemann  surface  in  its  topology.  Each 
quasieigenvalue  possesses  a  finite  multiplicity.  Resolvent  {I-  T(A,  r,  k))~^ 
of  the  operator  value  function  T  is  meromorphic  on  the  Riemann  surface 

A. 

In  physical  applications  it  is  often  useful  to  know  the  evolution  of  the 
poles  of  (I  —  T(A,r))~^  on  the  Riemann  surface  as  a  function  of  r.  It  is 
valid. 

Theorem  4.  If  t  tends  to  zero  (r  — +  Oj,  then  fOr  su  fficiently  small  t  the 
quasieigenvalues  of  A*(t)  of  the  problem  (1),  (2),  fjj  exist  and  converge 
in  the  topology  of  the  Riemann  surface  A  either  toWard  u^,  if  is  the 
eigenvalue  of  the  Laplace  operator  in  region  Di,  fot  functions  satisfying 
the  conditions  of 27c-periodicity  along  the  z  axis  and  the  uniform  Neumann 
conditions  at  the  boundary  T,  of  this  region  or  to  the  quisieigenvalues  p, 
of  the  Dirichlet  problem  for  the  Helmholtz  equation  in  region  Q2 
Proof  is  the  same  as  given  in  (I). 

-Let  the  investigated  permeable  structure  with  boundary  F  has  a 
period  27r/Ar  along  the  z  axis.  Moreover,  the  structure  has  a  periodicity 
about  rotation  and  shift  around  this  axis  with  periods  2 tt/L  and  27r/LA^, 
respectively,  where  the  natural  numbers  N,  L  are  greater  than  unity.  In 
this  case,  if  u*(/?,  $,  z)  is  a  quasieigenfunction  bf  the  problem  (1),  (2),  (3), 
then  u^(p^6  jL,z  2'irk/LN)  will  also  be  a  quasieigenfunction  of 
the  problem  for  all  naturcil  numbers  j,  k. 

Let  u^pyOy  z)  be  2x-periodic  function  in  z  and  6  ,  whose  expansion  into 
a  Fourier  series  for  any  natural  numbers  N,  L  cah  he  written  as  follows 

4-00  -foo 

u(p,0,z)  =  Y.  Y  Omn  exp(i(nz+m0))  = 

00  m=r^oo 

LN  L  +00  -foo  .  ^ 

=  E  E  'E  aHmLMnNexp{i[{k+nNL)z-h{j-\-mL)e])  = 

ir=l  n=-oo  m=-oo 
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IN  L  ^ 

Aecording  to  the  definition,  the  functions  u^k  satisfy  conditions  of  quasi¬ 
periodicity 

I^t  soktion  ofproyem  (1),  (2),  (3)  for  which 

of  Q^^sipc^io(liGitry  (8)  33rc  vslid,  xsdiSLtioii  conditipii  li3,s  tlic  form 

m  -  M  exp(f[(i?  rf  nLN}z  +  #  '¥ml^  C9) 

n^-^ootn^r^oo  ; 

Functions  of  A  such  as  (9)  are  analytical  on  the  Riemann  surface  A^i.  of 
their  analytical  continuation.  The  branching  points  of  A/t  are  numbeis 
(fe  -f-  nZ^iV^)  for  aU  integers  n.^  Let  A®i  be  such  a  sheet  of  the  Riemaan 
surface  Ajk  with  '  sections  (-00,  -^min  {fc,  LN  -  fc}}  and 
[min  {A:,X7V  —  k}  ^  4-00)1  where  the  inequalities  for  all  int^eas  n  are  satis¬ 
fied  From  the  stand  point  of  appliGation  the 

following  is  essential 

Theorem  5.  If  the  quasieigenfiincii<m  M  the  problem 

satMes  the  conditions  of  quasiperiodicity  in  (8)  md 

quasieigeavalue  A*  is  found  on  the  shape  J^k  O^  t^  Weimnn  suiface  Ajk , 

then  u^(p,dy  Z,X^  dimmshes  with  increasing  h  distahm^^^ 

and  is  au  eigeiifairctioni  whiy^^^h  is  a  real  Mgenvalue  of  the  problem 

(1),(2),(3). 

Proof  is  the  same  as  given  in  (3). 

•  Coiielusioin.  For  problem  of  scattering  at  a  permeable  structure 
in  imbounded  regions  the  the;orem  of  uniqueness  is  proved.  Equivalent 
formiilation  of  the  problem  in  the  form  the  operator  equation  is  obtained. 
It  is  shown  that  the  respcctiye  opcratbr  is-  Fredholm  one  and  its  resolvent 
is  meromo^^hic  on  the  Rieniann  surface.  The  existence  of  real  eigenvalues 


m 


is  proved  and  the  tj^^e  of  associated  eigenwaves  is  investigated.  The 
essential  distinction  of  the  three-dimensional  case  is  that  the  investigated 
solution  may  possesses  a  helical  symmetry,  under  condition  where  the 
structure  satisfies  this  type  of  symmetry. 
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